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Chapter 1
General Introduction
Starch, an attractive bio-resource
Starch is the most widespread and predominant storage carbohydrate in higher plants, 
which can provide energy for plant development. It is synthesized from assimilated 
sugars and assembled into a granular form in specific tissues. In the leaves of plants, 
starch serves as short-term energy reserve to ensure continued supply of sugars in day-
to-day carbohydrate metabolism. This type of starch is accumulated during the daytime 
photosynthesis and remobilized subsequently during the night and is thus named 
“transitory starch”. On the other hand, starch accumulated in heterotrophic organs (e.g. 
seed, roots and tubers) is termed “storage starch”, as this type of starch serves as a long-
term energy source to fuel regrowth upon sprouting or germination. Additionally, and 
importantly, storage starch plays a multifunctional role in human consumption, serving as 
a primary source of dietary calories in human diet and also as an inexpensive, renewable 
and biodegradable material in a broad range of industrial applications.
Due to the wide uses of starch, the global production of starch containing crops 
outweighs other industrial and food crops. At present, the main sources of storage starch 
are from maize, cassava, wheat and potatoes, which are mainly produced by China, North 
America, Europe, Southeast Asia and South America (Food and Agriculture Organization 
of the United Nations, http://faostat3.fao.org/home/E). The most important outlet by far 
of all starch-derived products is relevant to food; however, the consumption of starch 
has greatly increased with starch becoming an important component for bio-fuels, paper 
and glue production, textile weaving and finishing and the fermentation industry. To 
illustrate, in Europe, the total production of starch in 2014 was 10.5 million tons with 
47.5%, 39.2% and 13.3% for maize, wheat and potatoes, respectively, which was increased 
by 21% compared to 2004 (European Starch Industry Association, www.aaf-eu.org). These 
starches were produced from in total 23 million tons of agricultural materials, which 
consist of 16 million tons of cereals and 7 million tons of starch potatoes (Fig. 1a and b). 
Of this amount, the largest single outlet was (has always been) for sweeteners production 
(Fig. 1c) and was mainly consumed in confectionary and drinks (Fig. 1d). 
The global starch market has continuously expanded over the years. It is expected to 
exceed 150 million metric tons by 2020 driven by the increasing population, cost benefits 
and sustainable consumption patterns. Correspondingly, the global sales of starches and 
derivatives are projected to reach $77.4 billion by 2018, up from $51.2 billion in 2012 (BCC 
research, http://www.bccresearch.com/market-research/food-and-beverage/starch-
glucose-fod037b.html). Nonetheless, a big challenge ahead is that the rapid market 
expansion conflicts with a shortening availability of suitable raw materials at tolerable 
prices and increasing energy costs. 
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To overcome this challenge and to meet this rapid growing demand from a growing human 
population in a changing climate, producing starch with high quality in large quantities 
through a more innovative, cost-effective, and sustainable manner is inevitable and 
warranted. At present, while much of the researches are focusing on productive output, 
an increasing number of studies has emerged to enhance functional characteristics of 
starches, aiming at producing starches that are more convenient to distribute and easier 
to process and have specific physico-chemical properties required by the target markets. 
These value-added starches can provide society with high-value raw materials to satisfy 
market needs, thereby broadening the path towards a robust starch industry and a truly 
bio-based and circular economy.
FIGURE 1. Overview of European starch production and consumption in 2014. Source: European Starch 
Industry Association, www.aaf-eu.org.
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Green technology, genetic modification, is needed for starch modification
Genetic modification of starch, an inexorable trend
The competitive advantage and commercial success of starches is mainly determined by 
their functional characteristics. Surprisingly, most of the native starches are inherently 
not suitable for industrial applications, notwithstanding the large variations in their 
functional properties. This is mainly due to the high and unstable viscosity of the cooked 
starch, retrogradation and gelling tendencies of starch pastes. Therefore, starches are 
often modified to eliminate deficiencies and achieve the more appropriate properties 
for different industrial applications, which in turn enhances the starch’s versatility and 
satisfies the consumers’ demands. 
Several methods of starch modification are used in industry: chemical, physical and 
enzymatic modification. Chemical modification is one common method to modify 
starches for industry. Using various chemical reagents, chemical moieties can be added on 
the a-D-glucopyranosyl units of starches by molecular scission, oxidation, esterification, 
etherification or molecular arrangements (Chiu and Solarek, 2009; Shrestha and Halley, 
2014), thereby enhancing the functionality of starch. Additionally, physical modification is 
also widely used in industries to generate pregelatinized, milled, and cold-water-soluble 
starches through drum drying, spray drying, extrusion cooking, annealing and heat-
moisture treatment (Haghayegh and Schoenlechner, 2011). Enzymatic modification is 
another strategy that evolved not long ago and hydrolyzing enzymes are mainly used to 
modify starch for industrial applications. The products are very suitable for coating food 
items with seasonings, flavors and colorants, as they retain a good adhesion property 
during hydrolysis, which can be applied at high solids to minimize the energy required to 
remove moisture after application (Chiu and Solarek, 2009). All in all, these methods have 
largely extended the end uses of starch; however, they are expensive, time-consuming 
and frequently generate hazardous wastes. 
Our society is becoming more and more aware that producing modified starch through 
these conventional methods could not fully meet the requirements for environmental 
and economic sustainability. Thus, large-scale research has been executed to explore 
green technologies, and one of them is genetic modification of starch in planta. This 
approach allows us to generate tailor-made starches in plants that are directly suitable for 
a particular industrial use, thereby circumventing expensive and environment-unfriendly 
post-harvest processes and thus providing tremendous economic and environmental 
advantages. In other words, genetic modification of starches provides opportunities 
to produce novel starches with enhanced properties in a sustainable and economical 
manner, which is an inexorable trend for realizing a robust starch industry.
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Strategies for genetic modification of starch
Our understanding of starch biosynthesis was greatly improved with studies on transitory 
starch in Arabidopsis thaliana, which provides a bulk of information for targeted design 
of novel starches. However, the main challenge is to apply the acquired knowledge in 
economically important starch crops for improving starch quality. In the past decades, 
continuous efforts have been made to realize this purpose. There are two main strategies 
to genetically modify starch in planta: one is to modulate endogenous genes involved 
in starch biosynthesis; another is to express heterologous genes encoding biosynthetic 
or modifying enzymes from other organisms. Using the first strategy, the activity of 
one crucial gene or multiple genes can be manipulated to generate starch with various 
characteristics in crop plants, such as starch with differences in amylose-to-amylopectin 
ratio, starch structure, phosphate content and granule size (more details in Chapter 2, 
section 5). 
On the other hand, introduction of enzymes from other organisms has enormous potential 
to diversify characteristics of starch thus creating novel properties. Many achievements 
have been gained by introducing starch-modifying bacterial enzymes into crops including 
potato, maize and cassava (more details in Chapter 2, section 4). Additionally, this 
strategy can also be used to produce novel polymers (e.g. mutan, dextran and alternan) in 
amyloplasts, which is beneficial to generate commercial added value (Moire et al., 2003) 
(more details in Chapter 2, section 4).
To achieve efficient starch bioengineering in planta and gain stronger effects on starch 
properties, the so-called Starch Binding Domain (SBD) technology was developed (Ji et al., 
2003). It was shown that SBD exists in a wide range of hydrolases and has the affinity to bind 
to starch granules. By fusing the target enzyme (with no affinity for starch on their own) 
to SBD, the fusion enzyme can be targeted to starch granules during starch biosynthesis, 
and by that facilitate the access of the enzyme to the substrate thus enhancing the 
enzyme action. This makes SBD a potential tool to modify starch in planta and several 
potato starches with novel characteristics have been successfully generated by using 
this technology (Firouzabadi et al., 2007; Huang et al., 2013; Kok-Jacon et al., 2005a). One 
of the successful examples was to anchor amylosucrase from Neisseria polysaccharea in 
starch granules by using this technology, which led to altered starch granule morphology, 
bigger granule size and higher starch digestibility (Huang et al., 2014). In this thesis, SBD 
technology was applied in studies to target enzymes to starch granules during starch 
biosynthesis, thereby facilitating the action of enzymes and thus enhancing the effect on 
starch structure and functionality.
1
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Potato tuber, a superior model system for storage starch biosynthesis 
studies and for novel starch production
Starches from different botanical sources differ considerably in many aspects (Table 1). 
Although the production of potato starch is relative small compared to the total amount of 
starch produced in the world, potato starch is often favored in many specific applications 
because of its unique properties and outstanding performance in processing resulting 
from its large granule size, low protein and lipid content, high phosphate content and 
high degree of amylose and amylopectin polymerization. Therefore, an efficient and 
economical production of potato starch with improved functionality is of great interest.
Undoubtedly, studies in the model plant Arabidopsis thaliana alone do not provide 
adequate information for understanding starch metabolism in crop plants. Attempts 
to improve starch quality were hampered by the gaps in knowledge between the 
biosynthesis of transitory and storage starches (Lloyd and Kossmann, 2015) and the 
lack of a complete understanding of the factors and mechanisms regulating the starch 
biosynthesis pathway in crop plants. Therefore, studies in a model system for starch crops 
are crucial. In this respect, potato tuber is an outstanding model for the study of storage 
starch metabolism (Geigenberger et al., 2004). Firstly, it is a relatively homogenous 
tissue in which conversion of sucrose to starch represents the dominant metabolic flux. 
Secondly, many key players involved in major steps of starch metabolism in potato have 
been identified and well characterized (Kruger, 1990), providing a good foundation to 
further exploit key players and investigate the biosynthesis of storage starch. Thirdly, 
potato mediated transformation by Agrobacterium tumefaciens has been well developed, 
making it easy to study effects of individual genes on starch biosynthesis and starch 
characteristics. For all these reasons, in this thesis, endeavors were made by using potato 
as a model system to produce starches with novel properties and to study storage starch 
metabolism.
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TABLE 1. Comparison of some native starches
Characteristics Potato Maize Wheat Cassava
Type Tuber Cereal Cereal Root
Granule shape Oval, spherical Round, polygonal Round, lenticular Oval, truncated
Granule size (µm) 5–100 2–30 0.5–45 4–35
Phosphate (%, w/w) 0.08 0.02 0.06 0.01
Protein (%, w/w) 0.06 0.35 0.4 0.1
Lipid (%, w/w) 0.05 0.7 0.8 0.1
Pasting temperature (°C) 60–65 75–80 80–85 60–65
Swelling power at 95°C 1153 24 21 71
Solubility at 95°C (%) 82 25 41 48
Starch paste viscosity Very high medium low high
Paste texture Long Short Short long
Paste clarity Almost clear Opaque Cloudy Quite clear
Retrogradation rate medium high high low
Film clarity and gloss high low low high
Film strength high low low high
Film flexibility high low low high
Film solubility high low low high
Performance
in applications
Food +++ + + ++
Paper +++ ++ + +++
Textile ++ ++ ++ +++
Adhesives +++ ++ + ++
Table was adapted and modified from Grommers and Van Der Krogt (2009) and Jobling (2004) .
Modification of starch structure and phosphate content are promising 
paths to create starches with novel properties
There are many possible targets for engineering starches for novel properties in planta, 
since starch properties are affected by many factors. In this thesis, we have focused on 
modifying potato starch structure and phosphate content due to their great effects on 
starch properties. Meanwhile we strongly believe that these studies can help us to fill 
in some gaps in our understanding of starch granule formation and reversible starch 
phosphorylation in storage organs.
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Starch structure and genetic modification of it
Starch is simple in composition, but complex in structure
Starch consists of two types of glucose polymers; amylose and amylopectin. Amylose 
is essentially a linear polymer consisting of long backbone chains of glucoses linked 
together by α-1, 4-linkages and slightly branched by α-1, 6-linkages. It can reach a degree 
of polymerization (DP) of up to 4,000 glucose units and constitutes about 20-30% of most 
natural starches. The largest component of the starch granule is amylopectin, a highly 
branched polymer which contains up to 10,000 glucose units joined by α-1, 4-linkages 
and approximately 5% α-1, 6 branch linkages (Pfister and Zeeman, 2016). Apart from 
these two major polymers, starch contains other minor components, including lipids, 
proteins and phosphate esters. The concentration of these components varies among 
plant species (Grimaud et al., 2008; Tanackovic et al., 2014a).
In contrast to the simple chemical nature of starch, the molecular organization of starch 
and granule architecture is considerably more intricate. Various levels of organization, 
ranging from unorganized areas to supermolecular structures, were found within starch 
granules (Fig. 2a). Surprisingly, the distribution of branch points in amylopectin chains is 
one of the determinants for starch granule assembly, which permits neighboring linear 
chains to form parallel left-handed double helices and pack into crystalline lamellae. 
According to the packing density of double helices, starch granules can be distinguished 
as dense A-type polymorph (e.g. maize), less dense B-type polymorph (e.g. potato) or 
both A- and B-type of polymorph (e.g. pea) (Imberty et al., 1988; Imberty and Perez, 1988). 
On the other hand, the regions enriched with less densely packed chains constitute 
amorphous lamellae in which branch points are accumulated. Crystalline and amorphous 
lamellae alternate with each other and generate clusters with a periodicity of ~9 nm, 
which is a universal feature of starch granules regardless of botanical origin (Jenkins et 
al., 1993b; Zeeman et al., 2002). On the next structure level, these alternating lamellae 
form concentric and semi-crystalline zones within the granule and further alternate with 
amorphous zones that have a lower degree of order and contain much of the amylose 
molecules, thereby showing “growth ring” patterns with a period of a few hundred 
nanometers in the granules (Buttrose, 1960; Pilling and Smith, 2003). 
It is likely that the organization of amylopectin chain to build the granule matrix is 
a physical process (Zeeman et al., 2010). The occurrence of such a delicate structure 
indicates the presence of complex biosynthetic machinery. A thorough understanding of 
the role of key players in this machinery and the relationships between them is crucial for 
targeted design of starch in planta.
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FIGURE 2. Structure and synthesis of a starch granule. (a) Starch granule architecture and molecular 
organization. The internal structure of a starch granule displays “growth ring” patterns. Each growth ring is 
comprised of a semi-crystalline and amorphous zone. Semi-crystalline zone contains alternating crystalline 
(containing clusters of amylopectin double helices formed by adjacent chains) and amorphous lamellae 
(containing branch points and most of amylose molecular) with a periodicity of 9 nm. The distinct arrangement 
of double helices result in two types of polymorphs, designated A- and B-type. A-type polymorphs have high 
density and are typical for cereal starches, while B-type polymorphs are less dense and present in e.g. tuber 
starches. (b) Core pathway of starch synthesis. Sucrose is converted into glucose-1-phosphate (Gluc-1P) via a 
series of enzymes, including sucrose synthase (SUSY) and UDP-glucose pyrophosphorylase (UGPase). ADP-
glucose (ADP-Gluc) is synthesized via ADP-glucose pyrophosphorylase (AGPase) and used as substrate to 
synthesize amylose and amylopectin. Amylose is synthesized by granule-bound starch synthase (GBSS), while 
amylopectin is synthesized through a complex orchestration of soluble synthases (SSs), starch branching 
enzymes (SBEs) and starch debranching enzymes (DBEs). (c) Reversible phosphorylation of starch. Phosphate 
esters are added to amylopectin chains by glucan, water dikinase (GWD1) and phosphoglucan, water dikinase 
(GWD3/PWD) and can be released by starch phosphatases (SEX4, LSF1 and LSF2). The red circles represent 
phosphate esters, while circles with orange and blue colour represent individual glucosyl residues in the amylose 
and amylopectin chain. The schematic graph was inspired by Pfister and Zeeman (2016).
Genetic modification of starch structure 
Starch structure, such as the branch chain length, strongly affects the gelatinization, 
retrogradation (Miles et al 1985; Gudmundsson and Eliasson 1990; Kalichevsky et al 1990; 
Jane et al 1992; Shi and Seib 1992, 1995; Yuan et al 1993; Lu et al 1997), and pasting 
properties of starch (Jane et al. 1992, Jane and Chen 1992, Wang et al. 1993). Therefore, 
modification of starch structure is an appealing target for starch bioengineering. 
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As described above, starch structure to a large extent is delineated by the structure 
of amylopectin, as the double helices of amylopectin are the building blocks for the 
framework  of the crystalline lamellae. It has been demonstrated that amylopectin 
structure is a result of the orchestration of three major classes of enzymes, including 
starch synthases (SSs), starch branching enzymes (SBEs) and starch debranching enzymes 
(DBEs). In brief, SSs and SBEs work concurrently and collaboratively to elongate chains 
and introduce branch points. Interestingly, DBEs are important determinants of the 
structure by removing the wrongly-positioned branch points that interfere with double 
helix formation and prevent or delay the crystallization of starch granules (Ball et al., 1996; 
Myers et al., 2000; Streb et al., 2008). Despite the progress in identifying the enzymes of 
amylopectin synthesis, the mechanisms underlying starch structure and granule assembly 
is not fully understood. For instance, how these enzymes are cooperated to give rise to 
an optimal structure of amylopectin, and how DBEs can discern clearly wrong chains from 
right ones. More studies are needed to answer these questions.
The complexity of amylopectin synthesis makes the structure difficult to be effectively 
modified. Continuous efforts have been made in the past decades; however, modifying 
starch structure is still a challenging task, which has not been achieved effectively in planta 
so far (Ball and Morell, 2003; Blauth et al., 2002; Jobling, 2004; Safford et al., 1998b; Satoh 
et al., 2003). One of a few successful examples is simultaneous downregulation of starch 
synthases in potato. This resulted in an enrichment of short chains in starch granules 
and thus an alteration in starch gelatinization temperatures and viscosity (Edwards et al., 
1999). In that case, instead of manipulating multiple endogenous genes, expression of a 
heterologous gene that has potential to impart novel chains to starch structure might be 
a more efficient approach. The latter was therefore applied to the studies presented in 
this thesis.
Reversible starch phosphorylation and genetic modification of it
Reversible starch phosphorylation, a new piece in the puzzle of starch biosynthesis
In the past decade, a lot of efforts have been made to have a better understanding of starch 
metabolism by studying both storage and transitory starch. Many fundamental questions 
regarding starch biosynthesis have been addressed using Arabidopsis thaliana instead 
of starch crops. When comparing the transitory leaf starch system and tuber and seed 
endosperm systems, high similarity of enzyme functions and biosynthetic-pathways has 
been found (Santelia and Zeeman, 2011). It is generally accepted that starch biosynthesis 
works as a refined balance wheel between a continuous synthesis and degradation. It 
is derived from the complex orchestration of a range of synthesizing and degrading 
enzymes, including sucrose synthase (SUS), ADP-glucose pyrophosphorylase (AGPase), 
16
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starch synthases (GBSS and SSs), starch branching enzymes (SBEs), starch debranching 
enzymes (DBEs), α/β-amylases (AMY/BAM) and starch phosphorylating enzymes (GWDs) 
(Xu et al., 2014; Zeeman et al., 2010). These enzymes play a role in one or more of the 
three major steps (i) the conversion of sucrose to glucose-6-phosphate, (ii) the synthesis 
of substrate adenosine diphosphate glucose (ADP-Glc) and (iii) the synthesis of starch 
from ADP-Glc (Fig. 2b, more details in Chapter 2).
Over the recent years, the models of starch biosynthesis have evolved to include the 
phosphorylation of starch (Fig. 2c). It was shown that phosphate esters are present in 
starches from various organisms and the level varies considerably among botanical 
sources. For instance, the concentration of phosphate esters is extremely high in tuberous 
starch (~30 nmol/mg) in contrast to that in cereal starch (≤ 1 nmol/mg). Earlier studies 
have confirmed that phosphate esters are exclusively bound to amylopectin chains as 
monoesters mainly at the C-6 (~70%) and C-3 (30%) positions of the glucose units (Bay-
Smidt et al., 1994; Blennow, 2015; Hizukuri et al., 1970; Takeda and Hizukuri, 1982). 
Two enzymes have been identified to be responsible for this process: glucan, water 
dikinase (GWD1) and phosphoglucan, water dikinase (GWD3). Both enzymes catalyse the 
transfer of the β-phosphate of ATP to a glucosyl residue of amylopectin (Baunsgaard et 
al., 2005; Kotting et al., 2005; Ritte et al., 2002). GWD1 phosphorylates glucose residues 
exclusively at the C-6 position (Ritte et al., 2006). Suppression of this gene in potato plants 
leads to a starch excess phenotype in leaves and inhibition of cold sweetening in tubers 
(Lorberth et al., 1998). A similar phenotype was also observed in the leaves of arabidopsis 
deficient in GWD1 (Yu et al., 2001a). By contrast, GWD3 phosphorylates glucose residues at 
the C-3 position with substrate specificity requirements for pre-phosphorylation of starch 
(Baunsgaard et al., 2005; Kotting et al., 2005). Arabidopsis GWD3 mutants show a mild 
starch excess phenotype, which indicates the essential role in normal starch degradation 
(Baunsgaard et al., 2005; Kotting et al., 2005). In addition, arabidopsis also contains a third 
glucan, water dikinase (GWD2), which is an active cytosolic isoform of GWD1 (Glaring et 
al., 2007). It is not required for starch degradation and the function of this enzyme has 
not been elucidated (Glaring et al., 2007). Further studies suggested that the phosphate 
esters lead to local order disturbance and subsequently facilitate the access and action 
of degrading enzymes (Blennow and Engelsen, 2010; Blennow et al., 2002; Hansen et 
al., 2008). In contrast to the clear relationship between starch phosphorylation and 
starch degradation, the effect of starch phosphorylation on starch synthesis needs to be 
explored further. Only a few studies, to date, have suggested that starch phosphorylation 
somewhat influences starch synthesis (Carciofi et al., 2011; Skeffington et al., 2014); 
however, no direct evidence so far can demonstrate role of phosphorylation in starch 
synthesis.
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On the other hand, phosphatases have been shown to be involved in removing the 
phosphate esters added by GWDs for complete starch degradation. Similar to the GWD1 
and GWD3 mutants, starch degradation in arabidopsis mutants lacking the phosphatases 
is severely compromised during the night (Zeeman et al., 1998), leading to a progressive 
accumulation of starch (Zeeman and Rees, 1999). This is because β-amylases cannot 
access glucan chains carrying phosphate esters to further release maltose, thus hindering 
the full degradation of the glucan chains (Kotting et al., 2009). Several phosphatases 
have been identified in arabidopsis. One phosphatase named Starch Excess 4 (SEX4) has 
been demonstrated to dephosphorylate phosphate esters at both C-3 and C-6 positions, 
whereas another phosphatase termed Like Sex Four 2 (LSF2) is specific for the removal of 
C-3 phosphate esters. An additional homologue of SEX4, called Like Sex Four 1 (LSF1), is 
also required for normal starch breakdown although lsf1 mutants show a less pronounced 
phenotype than the sex4 mutants.
In fact, the first glucan phosphatase discovered was in human, named laforin. It was 
identified as a key gene responsible for the fatal neurodegenerative epilepsy known 
as Lafora disease (Emanuelle et al., 2016; Worby et al., 2006). Interestingly, lafroin has 
structural and functional similarities to SEX4 (Gentry et al., 2007) and is able to remove 
phosphate esters from amylopectin in vitro (Worby et al., 2006). 
Taken together, it is evident that reversible phosphorylation is indispensable for starch 
metabolism; however, many of the discoveries have been obtained from studies of 
transitory starch in leaves and little is known about reversible starch phosphorylation in 
storage organs. In this light it is interesting and essential to explore the role of starch 
dikinases and phosphatases in potato, hence advancing our understanding of the role of 
reversible starch phosphorylation in storage starch metabolism. 
Genetic modification of phosphate content 
Potato starch has the highest level of phosphate content among the main starches 
used for commercial purposes and this imparts a remarkable value to its end-uses. For 
industrial uses, phosphate esters contribute extraordinary water-binding capacity to 
starch (Muhrbeck and Eliasson 1987; Wiesenborn et al. 1994; Vikso-Nielsen et al. 2001; 
Jobling 2004). Starches with high phosphate content produce clear and viscous pastes 
and have improved freeze-thaw stability. They are often used in refrigerated and frozen 
foods as emulsion stabilizers (Singh et al. 2007), as well as in the paper-making industry as 
surface coatings (Blennow 2015). Therefore, engineering starch with altered phosphate 
content carries great potential to modify starch properties.
Currently, genetic modification of starch phosphate content in crop plants is focussed on 
modulating the expression of GWD1. For instance, an increased starch phosphate content 
via overexpressing of GWD1 has been achieved in many crops, including rice (Frohberg et 
18
1
Chapter 1
al., 2008), maize (LanahanMichael and Ship, 2005), wheat (Schewe et al., 2002), and barley 
(Carciofi et al., 2011). Surprisingly, GWD1 has not yet been overexpressed in potato to obtain 
starches with high phosphate content, although the role of GWD1 was first discovered 
in the potato. On the other hand, it has been demonstrated that modulating other 
enzymes involved in starch biosynthesis may have effects on starch phosphate content. 
For example, suppression of SBEs in potato resulted in threefold increase in phosphate 
content (Schwall et al., 2000). Additionally, in our opinion, other starch phosphorylating 
enzymes (GWD2 and GWD3) and phosphatases are potential tools to modulate phosphate 
content in planta due to their ability to add or remove starch phosphate esters. If so, these 
enzymes will become additional assets in the toolbox of genetic modification of starch 
phosphate content, and this is worth endeavors in this field. 
Objectives and outline of this thesis
Genetic modification of starch has a great potential to substantially improve starch 
functionalities and reduce or eliminate the use of costly and environmentally unfriendly 
post-harvest modification processes. This offers a great opportunity for building up an 
economical and sustainable starch industry and thus a robust bio-based circular economy 
to overcome challenges related to a growing population and climate change. Therefore, 
the main purpose of this study is to produce potato starches with novel properties in 
planta, meanwhile to gain a better understanding of storage starch biosynthesis. To this 
end, a number of enzymes derived from different sources were introduced into potato 
tubers to modify phosphate content and starch structure. Some of these enzymes were 
fused to SBD and targeted to granules during starch biosynthesis to enhance the impact 
of the enzymes on starch characteristics.
Chapter 2 reviews the state-of-art of biotechnology for starch modification. This chapter 
focuses on the characterization of a wide range of modified starches that have been 
generated using biotechnological approaches and the implications of these genetic 
modifications on the morphology of the starch granules and subsequent physico-chemical 
properties. Additionally, an overview of the functionality of key enzymes involved in 
starch biosynthesis and the bottlenecks for the production of genetically modified starch 
have been provided and discussed.
In Chapter 3, a human phosphatase enzyme named laforin and modifications of it 
were introduced into potato plants to modify starch phosphate content. The effects of 
the (engineered) laforin on phosphate content, composition and properties of potato 
starch were investigated. The correlations between starch structural characteristics 
and properties were explored. Furthermore, quantitative RT-PCR analysis was used to 
investigate whether the expression of genes involved in starch biosynthesis was affected 
in the transgenic plants.
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In Chapter 4, a glucan, water dikinase (GWD1) was expressed in tubers of two different 
potato genetic backgrounds: an amylose-containing line and an amylose-free mutant. 
Through exhaustive characterization of modified starches, we have investigated in 
detail the effects of starch phosphate content on starch morphology, fine structure and 
properties. The possible role of phosphate esters in the formation of starch granules 
and effects of phosphate esters on starch properties are discussed with respect to the 
potato background. The effect on starch metabolism-related genes was investigated by 
RNA-sequencing (RNA-seq) and quantitative RT-PCR (qRT-PCR) analysis in an attempt to 
identify the role of starch phosphorylation on starch biosynthesis.
In Chapter 5, two starch dikinases from Arabidopsis thaliana, glucan water dikinase 2 and 
3 (AtGWD2 and AtGWD3), were heterologously expressed in potato tubers (Kardal and amf 
genetic background) to increase the phosphate content of potato starch and to explore 
the effect of starch phosphorylation on storage starch metabolism. Starch structure, 
composition, granule size and morphology, as well as properties are well characterized by 
a comprehensive and systematic analysis. The feasibility of enhancing phosphate content 
in already naturally highly phosphorylated potato starch is discussed.
Chapter 6 describes attempts to introduce novel chains into starch by expressing an 
(engineered) 4, 6-α-glucanotransferase (GTFB) from Lactobacillus reuteri 121 in potato 
tubers. In this chapter, we have investigated whether this target gene is able to change 
the branching pattern of glucan chains in and thus the structure of starch in the granules. 
The alterations in granule morphology and size, starch composition and properties are 
presented. Transcriptome analysis was used to investigate the changes in expression of 
starch synthesizing and degrading genes.
Finally, the most relevant results obtained from all above chapters are summarized and 
integrated in Chapter 7. I discuss the implications of the findings and future prospects of 
modification of starch in planta.
20
1
Chapter 1
Chapter 2
Starch modification by biotechnology:
state of art and perspectives
Xuan Xu1,2, 
Richard G.F. Visser1,
Luisa M. Trindade1
Published in: 
Starch Polymers: From Genetic Engineering to Green Applications pp. 79-104 (2014).
1 Wageningen UR – Plant Breeding, Wageningen 
University and Research, P.O. Box 386. 6700 AJ 
Wageningen, The Netherlands.
2 National Centre for Vegetable Improvement 
(Central China), Key Laboratory of Horticultural Plant 
Biology, Ministry of Education, Huazhong Agricultural 
University, Wuhan, 430070, China.
Abstract
Starch, the most important storage carbohydrate, can be modified into diverse products 
widely used in food and non-food industry. With the understanding of the starch 
biosynthesis and degradation pathways, starches with novel functionalities have been 
made in planta. These might be used in future due to their perceived broadening of 
the range of starch applications, the expected ease of the processing, and absence of 
environmental pollution. This chapter focuses on characterization of modified starches 
that have been generated using biotechnological approaches around three aspects. 
1. Synthesis of novel starch by manipulating endogenous genes involved in starch 
biosynthesis and degradation pathways; 2. The expression of heterologous genes 
encoding biosynthetic or modifying enzymes to produce designer starches with novel 
functionalities; 3. Industrial application of improved starches created by biotechnological 
modification.
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Introduction
Carbohydrates are the most abundant bio-compounds on our planet. More than 100 
billion metric tons of CO2 and H2O are converted into carbohydrates and other plant 
compounds by green plants during the process of photosynthesis every year (Nelson and 
Cox, 2004). 
Starch, the major storage carbohydrate, is synthesized by most green plants and can be 
found in various types of tissues and organs. It is an insoluble glucan composed of two 
polymers: linear amylose (20-30%) and branched amylopectin (70-80%) (Kossmann and 
Lloyd, 2000). Although both are composed of glucosyl units linked by α-1, 4-bonds and 
branched in α-1, 6-bonds, the starch granule structure is more complex than expected from 
its components. The polymeric carbohydrates of the starch are organized in alternating 
amorphous and semi-crystalline rings (Jenkins et al., 1993b), and the forming of the semi-
crystalline organization is mainly dependent on amylopectin which has relatively short 
chains.
In plants, starch is synthesized in plastids and two types of starch can be distinguish, 
the transitory starch and the storage starch. The transitory starch is synthesized and 
accumulated in chloroplasts of green leaves during daytime photosynthesis and 
degraded throughout the night to provide substrates for leaf respiration and for 
continued sucrose synthesis to supply to sink tissues (Zeeman and Rees, 1999). Mutants 
of Arabidopsis thaliana unable to synthesize transitory starch grow slower in the day-night 
regime relatively to the wild type, because they lack carbon supply in the dark (Caspar et 
al., 1985). Storage starch is synthesized in amyloplasts and typically associated with sink 
organs, such as stems, seeds, roots and tubers. This type of starch is accumulated during 
different developmental stages and utilized for various periods of growth, dormancy, 
germination or other specific processes. Apart from the different locations in the cell, the 
two types of starch have different characteristics. Storage starch is deposited in larger 
granules and contains a higher amylose content than that observed in transitory starch 
(Jobling et al., 2002; Matheson, 1996). Next to these differences within plants, there 
are also differences between plant species. For instance tuber and root starches have 
lower protein and lipid contents than cereal starches, which have advantages in many 
applications. In a word, patterns of starch accumulation, starch granule size, shape and 
physicochemical properties differ not only between plants of different botanic origins but 
also within accessions of the same species. 
The importance of starch is not limited to the relevance of this polysaccharide in plant 
survival but, to a large degree, due to the application in food and non-food industry. With 
the imminent depletion of fossil oil reserves, starch has gained increasingly interest as a 
sustainable and renewal feedstock for the production of biochemicals, biomaterials and 
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biofuels. With the marked development of industrial economy, starch, which is isolated 
from maize, rice, wheat, cassava, potato, pea, arrowroot (Marantaarundinacea) and sago 
palm (Metroxylonsagu), has become a cornerstone of a sustainable industry (Zeeman 
et al., 2010). It has been shown that starch structure highly affects the physicochemical 
properties, such as gelatinization, texture, moisture retention, viscosity and product 
homogeneity, which is determinant for its applications.
Native starches have shortcomings that restrict the end uses. Properties such as 
retrogradation and gelling tendencies of pastes are undesirable in many application 
fields (Kaur et al., 2012). Starch derivatization comprises the use of chemical, enzymatic 
and/or physical modifications which require high amounts of energy and chemicals 
and produce chemical waste. Hence, modification of starch in planta could improve the 
functional properties with a broad range of specific applications and produce starches 
with better quality, using less energy and without pollutant chemical waste (Kaur et al., 
2012). Up to now, modified starch has been widely used for many industrial applications 
such as dairy confectionery, meat products, oil drilling, paper and cardboard, adhesives, 
packing material, pharmaceuticals, textile sand bioplastics (Ellis et al., 1998; Roper, 2002). 
It is worth noticing that genetic modification of starch in planta has received increased 
attention, not only due to the enormous potential for tailoring granules with new 
functionalities, but also to reduce the costs of the post-harvest modifications and usage 
of other approaches which probably cause damage to the environment (Kok-Jacon et 
al., 2003)2003. Understanding of the starch biosynthesis and degradation pathways will 
facilitate the progress of creating designer starches that have novel functionalities by 
using biotechnology. 
This chapter focuses on the characterization of modified starches that have been generated 
using biotechnological approaches and the implications of these genetic modifications 
on the morphology of the starch granules and the subsequent starch physical-chemical 
properties.
Starch biosynthesis and mutants in the starch biosynthetic pathway
In plant’s lifecycle, the biosynthesis of starch works as a refined balance wheel between 
a continuous efficient assembly and degradation of glucan chains. The synthesis of 
transitory and storage starch in the chloroplast and amyloplast involves several common 
enzymes as well as specific isoforms that are only involved in the synthesis of one of these 
two types of starch. 
Current knowledge about starch biosynthesis in plants show that the ADP-glucose 
pyrophosphorylase (AGPase, E.C.2.7.7.27), starch synthases (SS), granule-bound starch 
synthase (GBSSI), starch branching enzymes (SBE) and possibly the starch debranching 
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enzymes (DBE), play a role in determining the final starch structure (Smith et al., 1997). 
These enzymes are present in one or more of the three major steps (i) activation of glucose 
residues, (ii) chain elongation and (iii) synthesis of side chains (Fig.1). 
FIGURE 1. Amylose and amylopectin biosynthesis. ADP-Glucose (ADP-Glc), the donor substrate for both 
amylose and amylopectin, is synthesized by the ADP-Glc pyrophosphorylase (AGPase). The combine action of 
different starch synthases (SSI, SSII and SSIII), branching enzymes (BEI and BEII) and the debranching enzyme 
(DBE) are necessary for the synthesis of amylopectin. Granule bound starch synthases (GBSSI and GBSSII) use 
amylopectin as the acceptor substrate to synthesize amylose, which is formed downstream of amylopectin.
Initiation of starch biosynthesis 
The first step in starch biosynthesis, the synthesis of ADP-glucose is catalysed by ADP-
glucose pyrophosphorylase (AGPase, E.C.2.7.7.27), first found in wheat flour (Espada, 1962). 
This enzyme converts glucose 1-phosphate (Glc-1-P) into adenosine diphosphoglucose 
(ADP-Glc, (Preiss et al., 1988), which is the preferred substrate for starch formation. This 
enzyme also was found in many plant tissues and bacterial extract (Preiss and Sivak, 
1998), however, the localization and regulation of ADP-Glc synthesis and import Glc-1-P 
is highly various between different species and in different organs within a species (Emes 
and Neuhaus, 1997; Neuhaus and Emes, 2000). As a key factor of this rate-controlling 
step, AGPase was extensively used, through biotechnology, to control the rate of ADP-Glc 
formation and, in turn, starch accumulation. The amylose content was severely reduced 
in transgenic potato which contained a lower expression of AGPase (Lloyd et al., 1999). 
A mutation at the rb locus from pea (Pisum sativum L.), which reduced the activity of 
AGPase (Smith et al., 1989), resulted in a decrease of starch in the embryo (Kooistra, 1962). 
Interestingly, inactivation of AGPase in a Chlamydomonas starch less mutant led to a 10-
fold increase in TAG that can be used to produce biofuels (Li et al., 2010), but only to 
a slight decrease in the accumulation of starch (Ball et al., 1991). In addition, a mutant 
E. coli AGPase gene (glgc16) has been over-expressed in some plants to enhance starch 
accumulation, such as potato (Stark et al., 1992)m and maize (Wang et al., 2007).
Some observations indicated that conversion of sucrose to starch is ATP dependent. The 
ATP/ADP transporter (AATP), located on the inner-envelope membrane, imports ATP 
required for the AGPase reaction to the plastid (Heldt and Pfaff, 1969; Schunemann et 
al., 1993). Overexpression of a ATP/ADP transporter, an energy supplier for the AGPase 
reaction within the plastid, leads to an increase of 16-36% in starch content, in contrast, 
antisense ATP/ADP transporter tubers exhibited drastically reduced levels of starch 
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(Tjaden et al., 1998). In chloroplasts, the catalytic activity of AGPase is allosterically 
activated by 3-phosphoglycericacid (3-PGA) and inhibited by inorganic phosphate (Pi). 
The allosteric properties of AGPase are of potential importance in determining its role in 
controlling the rate of ADP-Glc formation and, in turn, starch biosynthesis (Smith et al., 
1997). The small and large subunits composition of AGPases mainly affect the allosteric 
properties. The small subunit alone can form a catalytically active enzyme and the large 
subunit is responsible for modulation of the sensitivity of the enzyme to effectors. The 
sta1 mutant in the unicellular algae Chlamydomonas reinhardtii, containing lesions in the 
large subunit of AGPase, leads to a 95% reduction in starch biosynthesis (Ball et al., 1991; 
VandenKoornhuyse et al., 1996). Maize mutants where the genes encoding the large 
subunit and small subunit of AGPase have been knocked out, respectively shrunken-2 and 
brittle-2, demonstrates that in the endosperm the primary flux to starch is via the cytosolic 
enzyme. In seeds of the shrunken-2 mutant the amount of starch was significantly increase 
by 15%. 
Chain elongation
Synthesis of starch is catalysed by starch synthases (SS, EC 2.4.1.21) which transfer 
the glucose residue from ADP-Glc to the non-reducing end of a growing α-1,4 linked 
glucan. Six isoforms of starch synthases have been characterised by multiple sequences 
alignment. SSI, SSII, SSIII and SSIV are present in a diverse range of species as soluble forms 
or as both soluble and minor granule-bound isoforms, whereas granule-bound starch 
synthase (GBSS), including GBSSI in storage organs and GBSSII in non-storage organs, 
is involved in amylose biosynthesis. A novel high-amylose starch was discovered in the 
barley sex6 mutant, which was lacking the activity of SSIIa (Moire et al., 2003). Compared 
to the high-amylose starches produced by down regulation of starch branching enzyme 
(SBE), the sex6 starch has amylopectin with relatively short branches and gelatinised at 
lower temperatures. The synthesis of amylose-free starches has focused on engineering 
GBSS activity in different plant species. Amylose-free starches were reported in mutants 
of maize (waxy, Nelson and Rines, 1962), , sorghum (waxy, Hsieh, 1988), wheat (waxy, 
Nakamura et al., 1995), amaranth (waxy, Okuno and Sakaguchi, 1982), pea (lam, Denyer et 
al., 1995) and unicellular green algae Chlamydomonas reinhardtii (st-2-1 and st-2-2, Delrue 
et al., 1992). The activity of GBSS is inexistent in these mutants resulting in starches with 
better properties for industrial applications; however, they show sometimes small yield 
penalties which can be fixed by selection, irrespectively of the method used to generate 
the mutants. 
Amylose-free starches also have been produced by down-regulation of GBSS in potato 
(Visser et al., 1991) and sweet potato (Kimura et al., 2001; Noda et al., 2002), and no 
significant penalties on the starch content were observed. The natural GBSS mutant 
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genotype producing amylose-free potato starch (Hovenkamphermelink et al., 1987) 
has been explored commercially for many years such as the ElianeTM commercialized by 
AVEBE (www.avebe.nl). The amylose-free cassava starch derived from a mutant is opening 
the door to commercial applications in this crop as well (Ceballos et al., 2007). Jobling 
et al. (2002) observed a novel amylose-free starch with short-chain amylopectin via the 
simultaneous down-regulation of GBSS, SSII and SSIII.
Formation of branch-points
The formation of the α-1, 6 linkages as branching point of the α-1,4 glucan chains is of 
great importance in determining amylopectin structure. Comparing the starch branching 
enzyme (SBE, EC 2.4.1.18) sequences from a wide range of species revealed two distinct 
classes of branching enzymes in plants: SBE A and SBE B. The analysis of mutants has 
provided direct evidence that expression levels of SBE affect the nature of synthesised 
starch. The mutation in the r locus in wrinkled peas which is associated with complete 
absence of one isoform of starch-branching enzyme (SBE I) leads to an amylopectin content 
which is reduced from about 70% to about 30% of the total starch content (Bhattacharyya 
et al., 1990). Antisense of the major isoform (SBE B) in potato reduces starch branching 
enzyme activity in the tubers almost completely without affecting the amylose content in 
the starch (Kossmann et al., 1997; Safford et al., 1998a). Schwall et al. (2000) created high-
amylose potato starch (more than 60% of the granule) by simultaneously inhibiting two 
isoforms of starch branching enzyme to below 1% of the wild-type activities. Some results 
suggest that these enzymes are redundant. The antibody-mediated inhibition of SBEA 
activity is more efficient than using antisense technology and produces higher amylose 
levels (Jobling et al., 2002).
The action of debranching enzyme (DBE; EC 2.4.1.41) activities during biosynthesis is 
considered to be critical for the accurate assembly of the starch granule. Two types of DBE 
exist in plants, isoamylase (ISA) and limit-dextrinase (LDA or pullulanase). The former one 
has a higher affinity for glycogen, while the latter one has a higher affinity for pullulan 
(Doehlert and Knutson, 1991). Both enzymes are responsible for hydrolysing the α-1.6 
branch points that are not correctly positioned in the molecule and for generating a 
branching structure appropriate for crystallization (Ball and Morell, 2003). Likewise SS 
and SBE, the role of DBE in the synthesis of amylopectin has been proposed by several 
studies with DBE-deficient mutants of various plant species, such as rice (Nakamura, 
1996), maize (James et al., 1995; Pan and Nelson, 1984), arabidopsis (Zeeman et al., 1998) 
and Chlamydomonas (Mouille et al., 1996). The results showed that wild type amylopectin 
was replaced by glycogen-like α-glucanphyto glycogen and both morphological and 
physicochemical properties of starch were altered to a certain degree.
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Starch degradation and mutants in the starch breakdown
Starch degradation has been better studied in transitory starch in leaves, where starch is 
broken down during the night, than in storage starch where it is degraded over a relatively 
long time. Although starch degradation has been widely studied in cereal endosperm 
(Fincher, 1989; Ritchie et al., 2000), where starch is broken down over several days 
after seed germination, the mechanism and regulation of this process in other starch-
containing organs such as roots, tubers and non-cereal seeds are more fragmentary. This 
is most probably due to the fact that starch degradation pathways differ depending on 
the plant organ, and different pathways may operate within the same organ (Zeeman et 
al., 2010). At least for arabidopsis, the important genes have been identified and the major 
steps in the pathway are known. The initiation of starch degradation is the reversible 
phosphorylation of glucans at the surface of the starch granule by a class of enzymes 
called glucan water dekinases (GWD, Ritte et al., 2002). Subsequently, hydrolases access 
to the glucan chains and starch is hydrolysed to maltose and glucose and both can be 
exported from the chloroplast and metabolized in the cytosol.
The enzymatic breakdown of starch granules
The initial event, seemingly required for starch degradation, must be catalysed by an 
enzyme capable of metabolizing polymers on the surface of semicrystalline granules to 
release the soluble glucans. Three most likely candidates, α-amylase (AMY), β-amylase 
(BAM) and debranching enzyme (DBE), are capable of attacking the starch granule 
surface. Starch degradation occurs in germinating cereal endosperm, and is thought to be 
initiated by AMY based on the characteristic visible pitting of the starch surface. It seems 
that AMY is in charge of attacking the insoluble granule, hydrolysing α-1.4 linkages within 
polymers exposed on the surface or in channels within granules to release both linear and 
branched glucans for further degradation. 
However, surprisingly, the studies in arabidopsis suggested that AMY is much less 
significant in starch breakdown. Three proteins predicted to be α-amylases (AMY1, 2 
and 3) are encoded in the arabidopsis genome. T-DNA insertion mutants lacking these 
isoforms respectively have normal rates of starch degradation in leaves at night, and 
starch metabolism also appears normal in amy1/amy2/amy3 triple mutants (Yu et al., 
2005). These results suggest that AMY is not required for starch degradation in arabidopsis, 
whereas the studies described recently suggest that in some circumstances, AMY3 does 
participate in degradation of starch granule in arabidopsis (Zeeman et al., 2007a). It was 
reasonable to assume that there are other endoamylases involved in starch degradation 
that compensate for the deficiency of AMY3 both in arabidopsis and potato (Zeeman et 
al., 2007b). The loss of a specific isoform of β–amylase (BAM3 in arabidopsis; PCT-BMY1 
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in potato) and debranching enzyme isoamylase (ISA3 in arabidopsis and potato) lead to 
the decreased rates of starch breakdown and excess accumulation of starch, indicated 
that these two enzymes affected the degradation of starch granules (Delatte et al., 2006; 
Kaplan and Guy, 2005; Scheidig et al., 2002; Wattebled et al., 2005). In addition, suppressed 
expression or overexpression of AMY in rice caused the correspondent changes of starch 
accumulation in leaves (Asatsuma et al., 2005).
The importance of glucan phosphorylation
The glucan water dikinase (GWD) plays an important role in starch degradation, and 
was first discovered in potato tubers by Lorberth et al. (1998). This enzyme transfers the 
β-phosphate group of ATP to a small proportion of the glucose residues of amylopectin 
chains, particularly at the 6-position (Mikkelsen et al., 2004; Ritte et al., 2002). The 
formed phosphate groups could affect the structure of the starch granule and thus the 
starch surface become more vulnerable to facilitate starch degradation (Blennow et al., 
2000b). By antisense technology in potato it was determined that down-regulation of 
GWD leads to a reduction in the phosphate content of the starch, and thereby impairs 
starch degradation in leaves and reduces cold sweetening in tubers (Lorberth et al., 
1998). This result is similar with the data obtained from studies of arabidopsis mutants 
of deficient GWD protein. Even the mature leaves of these mutants increase amounts of 
starch up to seven times greater than those in wild-type leaves (Caspar et al., 1991; Yu 
et al., 2001b; Zeeman and Rees, 1999). The picture of starch degradation has evolved to 
include the second GWD-like enzyme, phosphoglucan water dikinase (PWD, Baunsgaard 
et al., 2005; Kotting et al., 2005). An arabidopsis mutant with down-regulated expression 
of this gene has increased amounts of starch in leaf (Baunsgaard et al., 2005). PWD will 
act on phosphorylated amylopectin rather than unphosphorylated glucans, therefore it 
was presumed that the activity of PWD requires the presence of active GWD. With the 
discovery of GWD and PWD, it is now possible to create the starch of high phosphate 
content in plants and particularly in cereals which are extremely low in phosphate 
content. Overexpression of GWD has been achieved in maize (LanahanMichael and Ship, 
2005), rice (Frohberg, 2008), wheat (Schewe et al., 2002) and barley (Carciofi et al., 2011) 
resulting in increased starch phophate content. 
Expression of heterologous enzymes in plants
Progress in understanding the high value of modified starches has encouraged researchers 
to produce modified starches using different strategies. Expression of heterologous 
genes from other organisms, which encode biosynthetic or modifying enzymes, have the 
potential to be one of the most economical systems for large-scale production of starches 
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with novel properties. Bacterial genes provide an ideal source of variety because they may 
have properties that are slightly different from their plant counterparts and thus create 
different or novel phenotypes.
Several starch modifying bacterial proteins have been introduced in different crops, 
including potato, maize and cassava. These included: a starch binding domain (SBD) 
of Bacillus circulans cyclodextrin glycosyltransferase, an E. coli AGPase (GLGC16), an E. 
coli glycogen synthase (GLGA), an E. coli branching enzyme (GLGB), an E. coli maltose 
acetyltransferase (MAT), a Neisseria polysaccharide amylosucrase, a full-length (GTFI) 
and a truncated mutansucrase (GTFICAT) from Streptococcus downei, a L. mesenteroides 
dextransucrase (DSRS), and a L. mesenteroides alternansucrase (ASR). 
A starch binding domain (SBD) of cyclodextrin glycosyltransferase from Bacillus circulans 
was expressed in potato tubers. SBDs accumulated in the starch granule during the 
biosynthesis process. The amalgamated starch granules consisted of many smaller granules 
have been achieved by expression of multiple appended SBDs (SBD2-SBD5) in amf mutant 
potato plants (Ji et al., 2004; Nazarian-Firouzabadi et al., 2012).
A mutant variant of the AGPase gene from E. coli (GLGC16) was overexpressed in various 
plant species, such as cassava (Ihemere et al., 2006), maize (Wang et al., 2007) and potato 
(Sweetlove et al., 1996), and the starch content is slightly increased. Surprisingly, Stark et 
al. (1992) targeted this gene to plastids in transgenic potatoes resulting in significantly 
increased starch accumulation, and in some lines there was almost a 60% increase in starch 
content relative to control tubers. 
The potato tuber amyloplasts expressing the E. coli glycogen synthase gene (GLGA) were 
found to have a lowered specific gravity, about 50% reduction in the percentage of starch, 
and an increased branching degree of amylopectin (Shewmaker et al., 1994). For producing 
starches with higher branching degree of amylopectin and novel properties, the E. coli 
branching enzyme (GLGB) was introduced in amylose containing background (Krohn et 
al., 1994) and amylose-free potato mutant (Kortstee et al., 1996). In the former a slightly 
higher amylopectin percentage and a small difference in granule surface morphology 
was observed, while the branching degree of amylopectin was 25% higher in the latter as 
compared to the control. 
Efforts have been made to introduce the maltose acetyltransferase gene (MAT) from E. 
coli into wild type and mutant amylose-free (amf) potato plants in order to increase the 
acetylation of starch. A low concentration of acetyl groups was found in the starch granules 
of transgenic plants and also the starch granule morphology was altered (Nazarian 
Firouzabadi et al., 2007).
In order to alter the ratio of amylose and amylopectin the amylosucrase gene from Neisseria 
polysaccharide fused to a starch binding domain was introduced in potato which lead to a 
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number of changes in the morphology of the starch granule and biochemical properties, 
but not to a change in the ratio of amylose and amylopectin (Huang et al., 2014).
The production of bacterial extracellular polysaccharides in planta is another great way 
to generate material with unique nutritional or commercial added-values (Moire et al., 
2003). Glucansucrases, produced by soil bacteria, Streptococcus species form the oral flora 
and lactic bacteria Lactococci, catalyse synthesis of different α-glucans, such as mutan, 
dextran, alternan and reuteran (Mooser, 1992; Sidebotham, 1974), production of these 
polysaccharides in the amyloplast could alter the properties of starch and be beneficial 
to replace post-harvest chemical starch modifications by a more environmental-friendly 
bioprocessing.
a. Mutan
Mutansucrase (GTFI, E.C. 2.4.1.5) synthesizes the most adhesive and water-insoluble 
glucan which is known as mutan (Hamada and Slade, 1980). In terms of basic research, 
two classes of chemical linkages were catalysed by GTFI. One class is α-1,3 linkages (up 
to 90%) that is responsible for the backbone of mutan, and the other is α-1,6 linkages 
which assemble single unit glucosyl residues to the backbone (Monchois et al., 1999). 
Expression of the GTFI gene, which was derived from oral cariogenic Streptococcus downei 
Mfe28 bacteria (Ferretti et al., 1987), results in the accumulation of mutan polymers in the 
presence of sucrose. To develop the industrial applications of mutan polymers, different 
studies with genetically engineered GTFI have been carried out. 
One example is the investigation of the production of mutan polymers in amyloplasts 
of an amylose-containing potato by expressing a full-length (GTFI) and a glucan-binding 
domain-truncated gene (GTFICAT). By comparing transformants, GTFICAT plants showed 
a severely altered tuber phenotype and starch granule morphology in addition to starch 
structural changes (Fig. 2 E and F). Next to that, the starch content was decreased in 
GTFICAT transformants, possibly because expression of this gene interferes with starch 
biosynthesis by down-regulating the AGPase gene (Kok-Jacon et al., 2005b). Further, in 
order to carry the GTFICAT enzyme close to or rather inside the growing starch granule, 
GTFICAT was fused to the N- or C-terminus of a starch-binding domain (SBD) and 
introduced in amylose-containing and amylose-free potatoes respectively (Firouzabadi 
et al., 2007). In these transgenic plants mutan polymers were incorporated in the starch 
granule successfully, and resulted in alterations of starch properties such as a higher 
melting temperature, granules with porous and spongy surfaces, and a more pronounced 
retrogradation behaviour. However these alterations, together with mutan polymers 
seemed to be less strikingly than those from transformants with GTFICAT alone, implying 
that the appended SBD might interfere with the activity of GTFICAT (Firouzabadi et al., 
2007).
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FIGURE 2. Scanning electron microscopy (SEM) analysis of starch granules from untransformed potato plants, cv 
Kardal (A) and amylose free (amf, panel D), and transformed with the dextransucrase encoding gene dsrs (B), 
with the alternansucrasse encoding gene asr (C), with the full length mutansucrase gene gtfI (E) and a truncated 
for of the latter gtfI-CAT (F).
b. Dextran
Dextran, an extracellular α-glucan containing a high proportion of α-1,6 glucosidic 
linkages and associated with variable proportions of α-1,2, α-1,4, or α-1,3 linkages, is 
synthesized by the dextransucrase (DSRS, EC 2.4.1.5) of Lactobacillus, Leuconostoc and 
Streptococcus bacteria in the presence of sucrose (Jeanes et al., 1954; Kralj et al., 2004; 
Monchois et al., 1996; Simpson et al., 1995). One notable difference between Leuconostoc 
and Streptococcus bacteria is that in the former the formation of dextransucrases, is 
induced and in Streptococcus species they are constitutively synthesized (Robyt, 1995a). 
The formation of dextran was observed as the result of bacterial transformation of 
sucrose solutions into viscous solutions, gels, and flocculent precipitates (Robyt, 1995b). 
L. mesenteroides B-512F formed only one dextran containing 95% α-1,6 linkages and 5% 
α-1,3 branch linkages, which is most widely studied and commercially produced (Bjorn 
and Johan, 1948). Kok-Jacon et al. (2005c) introduced this gene both into an amylose-
containing potato cultivar and an amylose-free (amf) potato mutant. In tuber juices, 
dextrans were detected in both the different genetic background series, and the dextran 
concentration was two times higher in amylose-containing than in the amf transgenic 
lines. In addition, the results revealed that despite altered granule morphology (Fig. 2B), 
the accumulation of dextran did not interfere with the physicochemical properties and 
starch content. This strategy could open a new avenue for commercialization of dextran 
production in plant systems.
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c. Alternan
Alternan is a branched polymer with a unique backbone structure of alternating α-1,3 
and α-1,6-D-glucosidic linkages, present for 46% and 54%, respectively (Côté and 
Robyt, 1982; Seymour et al., 1979; Seymour and Knapp, 1980). It is branched by 3,6-di-
substituted D-glucosyl residues, with approximately 7-11% branching (Seymour et al., 
1977). Therefore, alternan possesses the properties of high solubility and low viscosity 
as well as resistance to microbial and mammalian enzymes, which is suitable for the 
creation of material for functional foods (Cote, 1992; Cote, 2002). Leathers et al. (2003); 
Leathers et al. (2002) isolated strains of Penicillium sp. that modify native, high molecular 
weight alternan in a novel bioconversion process to a lower molecular weight form 
with solution viscosity properties similar to those of commercial arabic gum. Alternan 
synthesized by L. mesenteroides NRRL B-1501 is catalysed by the alternansucrase (ASR, 
EC 2.4.1.140), which converts sucrose to alternan and fructose, also has been cloned and 
sequenced (Arguello-Morales et al., 2000). Furthermore, ASR was transferred into potato 
tubers and alterations in starch properties and morphology were analysed (Kok-Jacon et 
al., 2007). The low accumulation of alternan (1.2 mg g-1 FW) resulted in a slight alteration 
of starch morphology (Fig. 2C). Although, some of the key genes involved in starch 
biosynthesis seemed to be down-regulated, particularly the AGPase and GBSSI genes, the 
physicochemical properties of starch remained unchanged (Kok-Jacon et al., 2007).
Industrial application of improved starches
Approaches for biotechnological modification of starch
Along with the better understanding of starch structure and enzymes involved in starch 
biosynthesis, many of the genes that encode these enzymes have been cloned and 
transformed into plants using Agrobacterium tumefaciens to modify the starch metabolism. 
Transgenic plants have been generated by down regulation (antisense or co-suppression 
approaches) or overexpression of endogenous gene or expression of heterologous genes, 
where starch properties and morphology have been altered. The possibility to produce 
tailor-made starches in planta, will broaden the functionality of starches in industrial 
applications (Zeeman et al., 2010). These in planta modified starches, such as the amf 
starch, are often of better quality relatively to the chemically derivative and it precludes 
the use of hazardous chemicals and leads to energy savings in the production process (of 
up to 60% for e.g. synthetic polymer replacers). 
Ji et al. (2003) developed the so-called Starch Binding Domain (SBD) technology to 
target effector proteins to starch granules during the biosynthesis process. Almost 10% 
of all microbial hydrolytic enzymes can bind to substrate mediated by a distinct domain 
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referred to as carbohydrate-binding modules (CBMs) (Janecek et al., 2003; Machovic 
et al., 2005). SBDs from CBM family 20 have the affinity to bind to starch granules and 
enzymes can acquire affinity to starch granules by fusing to SBDs (Ohdan et al., 2000). By 
using the SBD technology to generate potato starches with new or improved properties, 
some heterologous genes, including an E. coli maltose acetyltransferase (MAT) (Nazarian 
Firouzabadi et al., 2007), a truncated mutansucrase (GTFICAT) (Kok-Jacon et al., 2005a), 
were successfully incorporated into starch granules and resulted in morphologically 
altered starch granules.
Application of improved starches
a. Waxy starches
Waxy or amf (amylose-free) starch is a new species of starch composed only of amylopectin 
molecules. Within the last decade there has been intense interest among researchers 
to create waxy starch in various species by mutating the wx locus that encodes the 
GBSS protein. Waxy maize containing 100% amylopectin, whereas normal maize starch 
contains 75% amylopectin and 25% amylose, was found in China in 1909. This mutant 
starch is mainly used due to its improved of uniformity, stability, and texture not only 
in food products but also in the adhesive industry due to its pasting characteristics. For 
instance, Waxy wheat is more suitable for different food applications. Pastas made with 
durum wheat containing lower amylose content are of better quality (Kim et al., 2003; 
Sharma et al., 2002). 
The potato amf starch produces a clearer film and a stickier paste after gelatinization, and 
the resulting gel retrogradates less compared to regular potato starch (Visser et al., 1997). 
Since 2005 the first natural potato variety ELIANETM, obtained through traditional well 
accepted breeding techniques, is being cultivated and marketed by the starch company 
AVEBE. Recently, the European Food Safety Authority (EFSA) allowed the company BASF 
to commercialize potato variety AmfloraTM within the EU. Although it was produced using 
genetic modification, AmfloraTM is just as safe for humans, animals and the environment 
as conventional potatoes via the evidence of extremely rigorous studies (Schmidt, 2009). 
These starches have much better performance in different industrial processes including 
the manufacturing of paper, adhesive and textiles. In food industry, another much desired 
property is freeze-thaw stability of gelatinized starch. Normally the use of unmodified 
starches in frozen foods is achieved by means of chemical modification to prevent the 
retrogradation of glucan chains. Jobling et al. (2002) created a freeze-thaw-stable potato 
starch by simultaneous down-regulation of three starch synthase gene (GBSS, SSII and 
SSIII) in planta. From an environmental point of view and a consumer perspective, this 
starch may have a great potential for application in the food industry.
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b. High amylose 
High-amylose starches have the ability to form strong gels and films. These particular 
properties are especially exploited in various industries, such as textiles, candies and 
adhesives. For example, the high gelling ability of these starches is exploited in jelly-
gum candies (Mason, 2009). Moreover, high-amylose starches are used in extruded and 
fried snack products to obtain crisps, because they can expand to tender structure when 
heated or dried (Jobling, 2004). The first high amylose maize hybrid was developed in the 
1950s with the discovery of the ae (SBE, ‘amylose extender’) gene by the Bear Hybrid Corn 
Company. Amylomaize is the generic name for maize that has amylose content higher 
than 50% and is grown exclusively for wet-milling. Likewise, the high-amylose phenotype 
in cereals or potato is caused by the loss or down-regulation of the corresponding ae gene 
respectively (Jobling, 2004; Jobling et al., 1999). 
Unlike the normal starch, high-amylose starch escapes digestion in the small intestine 
of healthy individuals and reaches the large intestine where it is fermented by the gut 
bacteria. The fermentation of starch in the large intestine has health benefits by promoting 
a better colonic function. This starch, known as resistant starch (RS), is considered the third 
type of dietary fibre and well suited for food applications (Bird et al., 2000). In Australia, 
foods enriched in RS as a high amylose maize starch have gained consumer acceptance. A 
company, Ascentia Pty Ltd, has been established to develop a RS barley cultivar (Hordeum 
vulgare var. himalaya 292) which was proven to have potential health benefits through 
reduction of plasma cholesterol and production of increased large bowel short chain 
fatty acids. The starch of this cultivar is a promising vehicle to deliver health benefits to 
consumers (Topping et al., 2003). A high-amylose transgenic rice line modified by down-
regulation of two SBEs in transgenic rice endosperm resulted in high content of resistant 
starch with high potentialities in food and non-food industry (Wei et al., 2010). High-
amylose wheat generated by RNA interference also has a potential to deliver significant 
health benefits to consumers given its RS content (Regina et al., 2006).
c. Phosphate
Native starches contain small amounts of covalently bound phosphate. Potato starch 
shows a naturally high degree of phosphorylation compared to starches from other crops 
(Hizukuri et al., 1970). The presence of phosphate in potato starch results in the stable-
paste properties and transparent gels. Hence, potato starch is preferred for use in fish-
paste products and as an ingredient in noodles. It is universally accepted that starch with 
longer polymer chains tends to contain higher levels of phosphate because the longer 
chains provide a better substrate for the phosphorylating enzyme. The phosphate content 
of high-amylose starches had levels up to more than five-fold compared to the wild-type 
starch and was generated by simultaneous inhibition of SBE A and B (Schwall et al., 2000). 
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A crucial enzyme (GWD) responsible for phosphorylating starch has been identified in 
potatoes, and regulating the expression of this gene could change the phosphate content 
and viscosity of potato starch (Donath et al., 1998).
d. Altered amylopectin structure
The synthesis of amylopectin requires the concerted action of several enzymes, including 
starch synthases, branching enzymes and de-branching enzymes. The modification of 
amylopectin structure in planta by modulation of endogenous genes is complex and 
involves the targeting of multiple genes. Amylopectin containing more very long chains 
and more chains with less than 15 glucose units in length (Lloyd et al., 1999) was obtained 
by knocking down the activity of SSII and SSIII simultaneously. As a result of the increase in 
the number of short chains in amylopectin, the starch can gelatinise at a low temperature 
(lower than 50ºC) and have valuable uses in the food industry. Japonica-type rice varieties 
have better eating quality and their starch gelatinises at a lower temperature than indica-
type rice varieties. The SSIIa protein is responsible for the difference in amylopectin 
structure between these two varieties, which makes that the amylopectin of Japonica 
varieties is enriched in short chains and depleted in intermediate-sized chains (Umemoto 
et al., 2002).
e. Granule size and number
Starch granule size and number vary considerably across plant sources. Rice starch is 
relatively small (about 2μm) while potato starches have larger granules (up to 100μm). 
Starch granule size affects starch digestibility properties (Dhital et al., 2010; Noda et al., 
2008; Parada and Aguilera, 2009), food quality such as noodle quality (Chen et al., 2003), 
and potentially crop productivity (Hofvander et al., 2004). Some studies of modified potato 
starches via inhibition of starch biosynthetic genes have altered granule morphology 
and number (Edwards et al., 1995; Jobling et al., 2002; Marshall et al., 1996). In the barley 
mutants (sugary 1), loss of isoamylase gene causes a profound effect on the number 
and timing of initiation of starch granules (Burton et al., 2002). And similar results were 
observed in potato tubers by down-regulation of different isoamylase isoforms (Bustos 
et al., 2004a). Expression of a tandem repeat of multiple starch binding domains (SBD2-
SBD5) from cyclodextrin glycosyltransferase of Bacillus circulans in an amylose-free potato 
genetic background resulted in a large number of smaller starch granules (Ji et al., 2004; 
Nazarian-Firouzabadi et al., 2012).
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f. Other uses
Along with the traditional bulk utilization of starch in various fields such as paper and board 
industry, a range of new research directions and applications for starch and its derivatives 
has been developed during recent years. For instance, due to the biodegradability of 
starch-based materials, commercially trials with starch-based packaging’s for pasta (Italy) 
and PLA-based pots for yoghurt (Germany) have already been performed (Weber et al., 
2002). Besides, potato starch granules seem, based on their ability to swell, the best source 
for natural microencapsulation of small molecules (Korus et al., 2003; Lii et al., 2003).
Perspectives of GMO starches
In an era towards a bio-based economy the knowledge on how to improve complex 
carbohydrates such as starch is essential. A deeper understanding of the starch biosynthetic 
pathway, how storage starch granules are formed and how the composition, size and 
shape can be changed and optimized for different bioproducts is of great importance for 
food and non-food applications.
In spite of its great importance, the development and commercialization of crops with 
altered starch properties using biotechnological approaches is being hampered by 
regulatory hurdles. The very high costs and the great deal of time needed, associated with 
the regulation of genetically modified crops (GMOs), are major problems. Although there 
is currently one GMO potato variety in the market, the Amflora, the commercialization 
of this variety has been challenged by farmers and environmental organizations. The 
development of new methods in plant breeding that would circumvent these regulatory 
problems would be of greatly stimulated the development of novel starches (Lusser 
et al., 2012). The identification of genetic marker associated with starch properties and 
exploitation of new mutations in tilling populations are other tools with great potential 
for uncovering key genes determining starch properties (Werij et al., 2012). 
Another bottleneck for the production of improved starches is associated with the 
difficulties in predicting beforehand the effect of a (trans)gene. The understanding of 
mechanism by which starch granules are made in the form of dense granules would be a 
great step forward in the synthesis of tailored starches for different bio-based applications.
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Abstract
Phosphate esters are responsible for valuable and unique functionalities of starch for 
industrial applications. Also in the cell phosphate esters play a role in starch metabolism, 
which so far has not been well characterized in the storage starch. Laforin, a human enzyme 
composed of a carbohydrate-binding module and a dual-specificity phosphatase domain, 
is involved in the dephosphorylation of glycogen. To modify phosphate content and 
better understand starch (de)phosphorylation in storage starch, laforin was engineered 
and introduced into potato (cultivar Kardal). Interestingly, expression of an (engineered) 
laforin in potato resulted in significantly higher phosphate content of starch, and this 
result was in line with the results observed in amylose-free potato genetic background 
(amf). Modified starches exhibited altered granule morphology and size compared to 
the control. About 20-30% of the transgenic lines of each series showed red-staining 
granules upon incubation with iodine, and contained higher phosphate content than the 
blue-stained starch granules. Moreover, low amylose content and altered gelatinization 
properties were observed in these red-stained starches. Principle component and 
correlation analysis disclosed a complex correlation between starch composition and 
starch physico-chemical properties. Ultimately, the expression level of endogenous genes 
involved in starch metabolism was analysed, revealing a compensatory response to the 
decrease of phosphate content in potato starch. This study provides a new perspective 
for engineering starch phosphate content in planta by making use of the compensatory 
mechanism in the plant itself. 
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Introduction
Starch is the predominant storage carbohydrate in higher plants and is a semi-crystalline 
composite substrate consisting of two biopolymers, amylose and amylopectin. Amylose 
is an amorphous, essentially linear glucan polymer with α-1,4 linked glucose residues, 
while amylopectin is a highly branched molecule built of α-1,4 linked glucose residues 
as backbone and 5% α-1,6 branches (Manners, 1989). In addition to amylose and 
amylopectin, native starches contain small amounts of phosphate groups monoesterified 
to the glucose residues (Blennow et al., 2000a; Blennow et al., 2002; Kuipers et al., 1994; 
Tabata et al., 1975). Most of the phosphate groups are bound to the amylopectin fraction 
at the C-6 (~70%) and C-3 (~30%) positions of the glucose units (Bay-Smidt et al., 1994; 
Hizukuri and Takeda, 1970). C-6 phosphoesters are added by the glucan water dikinase 
(GWD1), whereas C-3 phosphoesters are catalysed by the phosphoglucan water dikinase 
(GWD3/PWD) (Baunsgaard et al., 2005; Kotting et al., 2005; Ritte et al., 2006; Ritte et al., 
2002). Studies in Arabidopsis have indicated that phosphoglucan phosphatase starch 
excess 4 (SEX4) cooperates with like-SEX4 1 and 2 (LSF1 and LSF2) proteins to remove 
phosphate groups (Comparot-Moss et al., 2010; Kotting et al., 2009; Santelia et al., 2011). 
This reversible phosphorylation is essential for starch degradation in leaves. In contrast, it 
is not known whether reversible glucan phosphorylation occurs in storage starches, and 
in case it does the mechanism of phosphate removal is unknown.
Starch phosphate content differs considerably between botanical origins (Blennow et 
al., 2000a; Xu et al., 2014). For instance, cereal endosperm starch has less than 0.01% 
covalently linked phosphate, while potato tuber starch contains significantly higher 
phosphate content with approximately 0.5% glucose residues being phosphorylated 
(Blennow et al., 2000a; Tabata et al., 1975). It has been shown that phosphate content 
affects physico-chemical properties and the end-uses of starches, such as starch pasting 
properties, gel strength and clarity, stickiness and viscosity (Blennow et al., 2002). Hence, 
modification of starch phosphate content is a prerequisite for some industrial applications, 
such as internal sizing in paper making, special flocculation effects in mining, and water 
treatment (Ellis et al., 1998). In industry, a common method to increase starch phosphate 
content is chemical phosphorylation, but this process requires high amounts of energy 
and produces pollutant waste.
To preclude the disadvantages of post-harvest modifications of starch, many studies 
have focused on ways of producing starches with different phosphate content directly in 
planta (Xu et al., 2014; Zeeman et al., 2010). One of the alternatives is to manipulate the 
endogenous genes involved in starch biosynthesis through genetic engineering. Up to 
date, most known endogenous genes, including granule-bound starch synthase (GBSSI), 
glucan water dikinase (GWD1), phosphoglucan water dikinase (GWD3), starch-branching 
enzyme (SBE), soluble starch synthases (SSS), have been overexpressed or down-
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regulated (antisense or co-suppression approaches) in plants to obtain starches with 
altered phosphate content (Abel et al., 1996; Frohberg et al., 2011; Lloyd et al., 1999). For 
instance, GWD1 has been overexpressed in rice (Frohberg, 2008), maize (LanahanMichael 
and Ship, 2005), wheat (Schewe et al., 2002) and barley (Carciofi et al., 2011), resulting 
in increased starch phosphate content. In potato, silencing of GWD1 has resulted in the 
reduction of both phosphate content in starch and cold-sweetening in tubers (Lorberth et 
al., 1998), and in wheat, the inhibition of GWD1 has led to a lower phosphate content and 
an increased seed yield and plant biomass (Ral et al., 2012).
Another strategy is to introduce heterologous enzymes that are able to modify starch 
composition and structure and in this way produce starches with novel properties (Xu 
et al., 2014). Phosphate content can be removed by phosphatases, which are widely 
spread throughout different kingdoms. One of such enzymes is Laforin, a dual specificity 
phosphatase required for normal glycogen metabolism in vertebrates. Mutations in the 
laforin gene lead to Lafora disease, an autosomal recessive neurodegenerative disorder 
causing severe epilepsy and death (Lafora and Glueck, 1911; Minassian et al., 1999; 
Serratosa et al., 1999). Lafora disease is characterized by the accumulation of Lafora 
bodies (LBs), insoluble deposits containing high phosphate content that closely resemble 
amylopectin (Sakai et al., 1970). Interestingly, laforin has structural similarities to SEX4, 
containing a dual-specificity phosphatase (DSP) and an N-terminal carbohydrate-binding 
module (CBM) of the CBM20 subtype. Moreover, it is a functional equivalent of SEX4 
(Gentry et al., 2007), and is unique in its ability to remove phosphate from amylopectin 
in vitro (Worby et al., 2006). Together, these findings suggest that laforin has a great 
potential to modulate phosphate content in potato starch, and could help to explore the 
mechanism of phosphoglucan metabolism in potato starch.
In this study, the human laforin gene, and modifications of it, were introduced into potato 
plants to modify phosphate content of starch. The effects of the (engineered) laforin 
on phosphate content, composition and properties of potato starch are presented and 
discussed.
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Materials and methods
Constructs preparation
Three constructs were made in this study, i) pBIN19/DSP for expression of the dual-
specificity phosphatase (DSP) domain of laforin alone, ii) pBIN19/CBM20-DSP for the full-
length laforin gene expression, iii) pBIN19/SBD-DSP for the expression of the DSP domain 
fused to a starch-binding domain (SBD) that is derived from Bacillus circulans cyclodextrin 
glycosyltransferase (CGTase) (Huang et al., 2013; Huang et al., 2014; Ji et al., 2003). The 
potato granule bound starch synthase (GBSSІ) promoter and the GBSSI transit peptide 
were used for tuber-specific expression and amyloplast entry of proteins, respectively. All 
constructs were validated by sequencing analysis.
For the assembly of the pBIN19/CBM20-DSP construct, the laforin-encoding fragment 
was obtained by PCR amplification with the primers 5’- TACCATGGACTACAAAGACGATGA
CGATAAAACTAGTATGCGCTTCCGCTTTGGGGTG-3’(FLAG-encoding sequence underlined) 
and5’-GAGGATCCACGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGCAGGCTACACACA
GAA-3’ (HIS-encoding sequence underlined), which contained NcoI and BamHI sites at 
5’ ends (in bold), respectively. This amplified laforin fragment, containing an N-terminal 
FLAG tag and a C-terminal HIS tag, was cloned into NcoI/BamHI restriction sites of pUC19/
SBD2 (S1 Fig), generating the pUC19/CBM20-DSP plasmid. After digestion of this plasmid 
with HpaI and BamHI, the fragment was inserted into the corresponding sites of pBIN19/
SBD2 (Ji et al., 2004) to generate the pBIN19/CBM20-DSP plasmid (Fig. 1).
 The linker-DSP fragment was amplified from pBIN19/CBM20-DSP by PCR, with a forward 
primer containing a BglII site (5’- ATAGATCTTTGGTGGATGGTGTGTA -3’) and a reverse 
primer containing a BamHI site (5’- GCGGATCCAGCAGCCGGATCTCAGTGGTG -3’). The 
amplified fragment contained a linker, DSP sequence and HIS tag in which the linker was 
117 bp fragment of the 3’-end of CBM20 sequence. The amplified fragment was cloned 
into BglII/BamHI restriction site of pUC19/SBD2, generating pUC19/SBD-DSP. Furthermore, 
the fragment was amplified from pUC19/SBD-DSP with a forward primer containing a 
SpeI restriction site (5’-AAACTAGTATGGCCGGAGATCAGGTCAG-3’) and a reverse primer 
containing a BamHI site (5’- GCGGATCCAGCAGCCGGATCTCAGTGGTG -3’). After digestion 
of this fragment with SpeI and BamHI, the fragment was inserted into the corresponding 
sites of pBIN19/CBM20-DSP to generate the pBIN19/SBD-DSP plasmid (Fig. 1).
The pBIN19/DSP construct was made based on pBIN19/CBM20-DSP plasmid. DSP-encoding 
fragment was amplified by PCR with a forward primer, containing a SpeI restriction site 
(5’-AAACTAGTCATTATTCAAGAATTCTACCAAATATCT-3’) and a reverse primer, containing 
an XhoI site (5’- TCCTCGAGCAGGCTACACACAGAAGAA -3’). The amplified fragment was 
inserted into corresponding sites (SpeI and XhoI) of pBIN19/ CBM20-DSP, resulting in 
pBIN19/DSP plasmid (Fig. 1).
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FIGURE 1. Schematic depiction of binary vector constructs used in this study. Genes were cloned in frame 
with GBSSI transit peptide to allow amyloplast targeting and were driven by GBSSI promoter for tuber-specific 
expression. CBM20 and DSP represent the carbohydrate-binding module 20 domain and a dual specificity 
phosphatase of laforin protein. RB and LB stand for right and left borders, respectively. SBD, LK, Kan and 3’NOS 
stand for starch binding domain of cyclodextrin glycosyltransferase from Bacillus circulans, linker, kanamycin 
resistant gene and NOS terminator, respectively. The arrow represents cleavage site of the transit peptide. FLAG 
and HIS are two tags for protein quantification and HpaI, SpeI, XhoI, BglII and BamHI are restriction enzymes.
Transformation and regeneration
All three binary vectors, pBIN19/CBM20-DSP, pBIN19/SBD-DSP and pBIN19/DSP (Fig. 1), 
were transformed into amylose-containing potato (cv. Kardal, tetraploid) and amylose free 
mutant (amf, diploid) according to Visser et al. (1991). About thirty independent plantlets 
of each construct as well as control plants (untransformed plants and transformed plants 
with empty vector) were multiplied to five plants by culturing nodal explants according 
to the procedure described in Visser et al. (1991). All plants were grown under standard 
greenhouse conditions (16 h light at 20°C and 8 h dark at 18°C) till maturity and tubers 
were harvested at 18 weeks. No differences were detected between untransformed lines 
and transformed plantlets with empty vector, and therefore they will be further referred to 
as control or UT. Transformed potato plants from Kardal background were labelled CDxx, 
SDxx and Dxx in which CD, SD and D stand for full-length laforin protein, DSP with an SBD, 
and DSP alone, respectively, xx represents the number of transgenic line. Transformed 
potato plants from amf background were labelled amfCDxx, amfSDxx and amfDxx.
Starch isolation
To minimize individual variation, tubers used for starch isolation were obtained by pooling 
all tubers of five plants harvested from the same transgenic clone. Starches were isolated 
according to the procedure described in Huang et al. (2013).
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Western dot blot and protein analysis
The amount of granule-bound fusion protein of each transformant was investigated by 
western dot blot analysis. About 50 mg of starch were heated at 100°C for 5 min with 400 
µl of a 2 × SDS sample buffer containing 5% β-mercaptoethanol (Laemmli, 1970). After 
cooling to room temperature, the supernatant was transferred to a 96-well format dot-
blot manifold (Schleicher & Schuell, Keene, NH). The dot-blot manifold was connected to 
a water pump, and a vacuum was applied for 5 min until all samples were impacted on the 
nitrocellulose membrane (Bio-rad).
The dot blots were blocked overnight at 4°C in Tris-buffered saline (TBS is 20 mM Tris, 
500 mM Nacl pH 7.5) with 0.1% Tween-20 (TBST) containing 5% (w/v) dry powdered non-
fat milk. Membranes were then incubated for 2 h at room temperature with a 1:1000 
dilution of the anti-SBD antibody (Ji et al., 2003) in 3% non-fat milk in TBST, followed by 5 
rinses in TBST. The membrane was then incubated with a 1:5000 dilution of horseradish-
peroxidase-conjugated anti-(rabbit IgG) (Cat # A0545, Sigma) in TBST buffer with 3% (w/v) 
of non-fat milk for 1 h at room temperature. After 5 times rinses in TBST, the protein was 
detected with a West Femto supersignal (Cat # 34094, Thermo Scientific) (Ji et al., 2003).
To examine GBSSI abundance, proteins were stained with Coomassie brilliant blue R-250 
after separation by SDS polyacrylamide gel electrophoresis (SDS-PAGE).
Total phosphate content
Total phosphate content in starch was determined essentially according to the method of 
Morrison (1964) with some modifications. About 20 mg of dry starch were suspended in 
250 µl of 70% (w/w) HClO4 and completely charred at 250°C for 25 min. The solution was 
clarified by adding 50 µl 30% (w/v) H2O2 and gently boiled for 2 min. Once the solution 
had cooled, water was added to a final volume of 2 ml and 100 µl of the sample was 
transferred into a 96-well microtiter plate, followed by adding 200 µl of colour reagent 
[0.75% (w/v) (NH4)6Mo7O24.4H2O, 3% (w/v) FeSO4.7H2O and 0.75% (w/v) SDS dissolved in 
0.375 M H2SO4]. Absorbance at 750 nm was then measured in a Model 680 XR Microplate 
Reader (Bio-Rad, US), and compared to the absorption of a calibration curve to calculate 
the concentration in nmol PO4/mg starch.
Analysis of the morphology and physico-chemical properties of starch granules
All analyses conducted in this manuscript have been performed in duplicates unless 
indicated otherwise.
The starch suspensions were stained with 20×diluted Lugol’s solution (1 % I2/KI) and 
were then investigated with light microscopy (LM, Axiophot, Germany). Further, scanning 
electron microscopy (SEM) PhenomTM (FEI, The Netherlands) was used to examine the 
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detailed morphology on the granule surface. About 1 mg of starch samples were evenly 
distributed on a carbon tabs (Agar Scientific, UK) and mounted onto 12.70 mm aluminium 
specimen stubs (Agar Scientific, UK), followed by coating with gold using a sputter coater 
(EMITECH K550X; Quorum Technologies, UK). All images were digitally recorded.
Particle size distribution and gelatinization properties of starches were analysed as 
described in Ji et al. (2003). The onset (To), peak (Tp) and conclusion temperature (Tc) of 
gelatinization and the melting enthalpy (ΔH, J/g) were determined using Differential 
Scanning Calorimetry (DSC).
The apparent amylose content was performed according to the procedure described in 
Hovenkamp-Hermelink et al. (1988).
High-performance anion-exchange chromatography (HPAEC) was used to determine 
amylopectin chain length distribution. Degree of polymerisation (DP) 6 - 35 was separated 
according to the method of Huang et al. (2013).
Starch moisture content was measured in duplicate using standard methods (AACC 
Approved Method 44-15.02) using oven drying at 105°C for 16 hours.
Starch content was determined as described by Kok-Jacon et al. (2005a).
Quantitative RT-PCR
Expression levels of (engineered) laforin from all transformants were determined in 
triplicate by qRT-PCR using the primers listed in S1 Table. Total RNA was extracted from 
potato tuber samples according to Kuipers et al. (1994) and reverse transcribed using the 
iScript cDNA synthesis kit from BioRad. qRT-PCR analysis was performed using CFX96 
Real-Time PCR machine (BioRad). The total volume of each reaction was 10 µl, containing 
50 ng cDNA, 3 µM of each gene-specific primer, and 5 µl SYBR Green Supermix Reagent 
(BioRad). All reactions were carried out using the following thermal cycling conditions: 
3 min of denaturation at 95°C, followed by 45 cycles (15 s at 95°C, 60 s at 60°C). Using 
the comparative Ct method (Livak and Schmittgen, 2001), target genes were expressed 
relative to EF1α (Nicot et al., 2005). After normalization, data were multiplied by a factor 
of 106 and then converted to log 10. Ultimately, the resulted value (v) was used to assign 
transformants to different categories: none (N, v = 0), low (L, 0 < v < 3), medium (M, 3 ≤ v 
< 4) and high (H, v ≥ 4) expressers.
Five randomly-selected transgenic lines from D, CD and SD series were used for gene 
expression analysis of key genes involved in the starch metabolism. In total, four starch-
degrading genes and seven starch-synthesizing genes were selected according to previous 
studies, including phosphoglucan phosphatase starch excess 4 gene SEX4 (Kotting et al., 
2009), like-SEX4 gene LSF1 and LSF2 (Comparot-Moss et al., 2010; Santelia and Zeeman, 
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2011), starch phosphorylase gene SP (Brisson et al., 1989), α-amylase gene AMY23 and 
β-amylase genes BAM1 and BAM9 (Ferreira, 2011; Zhang et al., 2013), isoamylase genes 
ISA1, ISA2 and ISA3 (Bustos et al., 2004b; Ferreira, 2011), starch-branching genes SBEI and 
SBEII (Jobling et al., 1999; Safford et al., 1998b), soluble starch synthase genes SSSII and 
SSSIII (Abel et al., 1996; Edwards et al., 1995). The gene information and specific primers 
used in present study are listed in S1 Table. The relative expression levels were calculated 
using the Ef1α gene as a reference gene, employing the 2-ΔΔCT method.
Statistical analysis
Significant differences between modified starches and control samples in phosphate 
content and granule size were assessed by one-way analysis of variance (ANOVA). The least 
significant difference values were calculated at 5% probability. Statistical significances 
between gene expression level of transformants and that of the control were determined 
by using t-test. Inter-relationships between starch components and starch properties 
were analysed by means of Pearson correlations. All statistical analyses were performed 
using GenStat (16th edition). Principle component (PCA) analysis was performed using 
PAST software Package (Hammer et al., 2001).
Results
Transgenic plants do not show visible changes in plant architecture or tuber 
morphology
In total, three transgenic series containing, respectively, DSP (D), CBM20-DSP (CD) and SBD-
DSP (SD) were generated by introducing three constructs into potato plants. About thirty 
independent plants from each transgenic series and the control were multiplied and grown 
in the greenhouse. Plants were monitored in all stages and no significant differences were 
observed in plant architecture, tuber morphology nor tuber yield relative to the control 
plants (data not shown).
(Engineered) laforin genes are expressed in transformants
Expression of SD in transformants was examined by qRT-PCR and Western dot blot analysis. 
According to gene expression level, transformants were classified into four different 
categories: none (N), low (L), medium (M) and high (H) expressors. All SD lines showed 
gene expression, and 28%, 34% and 38% of transformants were categorized as L, M and H 
expressors, respectively (Fig. 2a). Furthermore, the result obtained from Western dot blot 
using a SBD-antibody revealed that the accumulation of the protein correlated well with the 
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mRNA level of the transformants (Fig. 2b). For this reason, and because no specific antibody 
was available for quantification of the DSP domain, the transformants from other two series, 
D and CD, were only subjected to qRT-PCR analysis to determine the expression of the 
(engineered) laforin gene. As shown in Fig. 2a, similar to SD series, M and H expressers were 
predominant in these two series. For D series, 10%, 21%, 34% and 34% of the transformants 
classified as N, L, M and H expressors, respectively, whereas the corresponding values for the 
CD series were 7%, 22%, 44% and 26%. N-expressors were excluded from further analyses.
FIGURE 2. Characterization of transgenic plants. (a) Distribution of the individual transformants over the classes 
of the (engineered) laforin expression. The qRT-PCR analysis was performed in triplicate on all transformants, which 
are 27, 26 and 30 lines for D, CD and SD series, respectively. D, CD and SD represent DSP, CBM20-DSP and SBD-DSP 
transformants, respectively. N, L, M and H stand for none, low, medium and high expressors. (b) Accumulation level 
of SBD-DSP (SD) in transformants. Protein levels were determined using Western dot blot analysis with an anti-SBD 
antibody. The number above each dot stands for the different lines, while UT and ‘+’ represent negative and positive 
control, respectively. The intensity of dots shows the various protein levels. The corresponding gene expression 
level of each line obtained from qRT-PCR is indicated between brackets. For 90% of lines a good correlation 
between gene expression level and protein accumulation level was found.
Starch granule morphology and amylose content are altered by the introduction of an 
(engineered) laforin protein
Light microscopy (LM) and scanning electron microscopy (SEM) were used to investigate 
how the accumulation of the (engineered) laforin protein affects the starch granule 
morphology. About 22% of the D transformants, 19% of the CD transformants and 27% of 
the SD transformants showed red granules with blue cores of varying size when stained with 
iodine (Fig. 3G). Further analyses indicated that both irregular bumpy granules and cracked 
granules coexisted in each of these modified starches (Fig. 3H and I), while the starches from 
other transgenic lines exhibited blue-stained granules with irregular bumpy surface (Fig. 
3D- F) in contrast to the smooth surface observed in the control (Fig. 3 A-C). Based on the 
granule colour, transformants from each series were divided into two groups (red-stained 
group and blue-stained group) for further analyses. Starch with red-stained granules was 
occurred in transformants with different expression level of (engineered) laforin (data not 
shown).
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In addition, the exhibition of red-stained granules strongly suggests the reduction of 
amylose content in these starch granules, therefore, amylose/amylopectin ratio was 
determined in all modified starches and the apparent amylose content (AM%) was 
calculated (Table 1). The result revealed that the red-stained starches contained much 
lower amylose content relative to the control, whereas all blue-stained starches did not 
show changes in amylose content compared to the control. The amylose level of most red-
stained starches was between 2% and 5%, which is comparable to that of the amylose-
free potato starch (Visser et al., 1997). Moreover, some lines that consisted of a mixture of 
red and blue-stained granules had intermediate amounts of amylose content (~10%), but 
still dramatically lower than that of the control (~18%).
FIGURE 3. Light micrographs and SEM analyses showing starch granules morphology of control UT (A-C) 
and modified starches (D-I). Starch granules were stained with a 20× diluted Lugol solution for light microscopy 
(A, D and G). Two different morphologies were observed in the modified starches from each series. Based on the 
colour of stained granules, the starches were classified into two categories: blue-stained group (D-F) and red-
stained group (G-I).
These findings raised a question regarding the expression of GBSSI in transformants, as 
GBSSI is responsible for the amylose synthesis. Hence, GBSSI expression was investigated 
for transformants from each series, containing transformants with eight red-stained 
starches and seven blue-stained starches in total. The results revealed that amylose 
content strongly correlates with relative expression of GBSSI (r = 0.8, p < 0.001, Fig. 4a). 
Furthermore, eight lines with different expression levels of GBSSI were selected to perform 
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SDS-PAGE, followed by staining with Coomassie blue. The correlation between amylose 
content and GBSSI abundance was observed (Fig. 4a and b). These results showed that 
the decrease in amylose content in red-stained starches is a consequence of GBSSI 
suppression in transformants.
FIGURE 4. The suppression of GBSSI in transformants with red-stained granules. (a) The correlation 
between amylose content and the relative expression of granule-bound starch synthase I (GBSSI). The qRT-PCR 
analysis was performed on control UT and 5 random-selected transgenic tubers from each series, containing 
transformants with 8 red-stained starches and 7 blue-stained starches. (b) Western blot analysis of GBSSI 
abundance in starches from different transformants. The corresponding amylose content of each line is shown 
between brackets.
Laforin expression results in higher phosphate content
The total phosphate content in starch granules of each transgenic line was determined. 
Interestingly, nearly all the starches from transformants had higher phosphate content 
compared with that of the control, on average 19%.
As shown in Fig. 5a, in all series, the phosphate content significantly increased in starches 
from both red-stained and blue-stained groups compared with that from control (ANOVA, 
p < 0.05). Within each series, the red-stained group had a higher phosphate content than 
the blue-stained group. To illustrate, the phosphate content of the red-stained group 
from D series was ~32% higher than that of the control, and ~9% and ~6% higher than the 
red-stained group from CD and SD series, respectively. In each of the three blue-stained 
groups, the starch phosphate content was ~11% higher than that of the control, while 
between the three series of transformants no significant differences were observed.
In the first place, the increase in phosphate content of modified starches was linked to 
the increase in amylopectin content rather than to expressed laforin. However, blue-
stained starches containing unaltered amylose content showed a significant increase 
in phosphate content, which indicated that the (engineered) laforin plays a role to 
increase starch phosphate content. To further investigate this, the same constructs were 
transferred into amylose-free potato mutant (amf) and generated ~30 transformants of 
each transgenic series (amfD, amfCD and amfSD). Starch phosphate content was measured 
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for each line. Results showed that, expect for amfSD, the phosphate content in amfD and 
amfCD starches were 26% and 12% higher than that in control UT-amf, respectively (Fig. 
5b). Overall, the increase in starch phosphate content from amf background provides 
confident that starch phosphate content is affected by the (engineered) laforin rather 
than only by GBSSI suppression.
FIGURE 5. The phosphate content of starches from all transgenic series and control plants in both (a) 
Kardal and (b) amf backgrounds. D, CD and SD stand for transgenic series containing DSP protein, the full-
length laforin protein and SBD-DSP fusion protein, respectively. Amf represents the amylose-free potato 
background. All the analyses were performed in duplicate on transformants with (engineered) laforin expression, 
which are 24, 25, 28, 32, 25 and 29 lines for D, CD, SD, amfD, amfCD and amfSD series, respectively. Significant 
difference between each transgenic group and control was analysed using one-way ANOVA. Different letters 
(a-d) indicate statistically significant differences at p < 0.05.
Granule size and gelatinization temperature are changed in modified starches
The median granule size (d50) was determined for all starches by analysing granule size 
distribution. The transformants with CD and SD proteins had larger starch granules both 
in the red-stained group and blue-stained group compared to the control (Fig. 6). In 
particular, starch granules of red-stained starches from CD series were significantly larger 
in size than that of blue-stained starches (ANOVA, p < 0.05). By contrast, starches from 
the red-stained group in D series did not show any significant difference in granule size. 
Further analyses showed that there was no significant correlation between the expression 
of the (engineered) laforin and granule morphology or granule size.
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FIGURE 6. Boxplot presenting median granule size (d50) of starches from control UT and all transformants 
of each series. All the analyses were performed in duplicate on all transformants, which are 24, 25 and 28 lines 
for D, CD and SD series, respectively. Significant difference between each transgenic group and control was 
analysed using one-way ANOVA. Different letters (a-c) indicate statistically significant differences at p < 0.05.
DSC analysis disclosed that red-stained starches had a significantly higher To and Tp (Table 
1), suggesting that these starches start to gelatinize and swell to a maximum level at 
higher temperatures compared to the control. Moreover, the gelatinization enthalpy (ΔH) 
of these red-stained starches was consistently lower than that of the control. Unlike the 
red-stained starches, the gelatinization characteristics did not differ from the control in 
any of the blue-stained starches.
Two representative starches of each series with blue or red-stained granules are presented. 
Gene-expression class (Class), starch granule colour (Colour), total phosphate content 
(P), starch apparent amylose content (AM), starch content (Cstarch), median granule size 
(d50), starch gelatinization temperature (To, Tp and Tc) and gelatinization enthalpy (ΔH) are 
shown. Data (mean ± S.D.) are the average of two or three independent measurements. 
n.d., not detected.
Amylopectin chain length distributions of all modified starches upon debranching with 
isoamylase were analysed with HPAEC (chain length ranged from DP6 to DP35). No 
significant changes in amylopectin fine structure were observed relative to the control 
(data not shown). Similarly, starch content was measured for the selected starches and no 
consistent changes were found compared to the control (Table 1).
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TABLE 1. Summary of different starch characteristics determined for the representative modified starches 
and the control UT. Two representative starches of each series with blue or red-stained granules are presented. 
Gene-expression class (Class), starch granule colour (Colour), total phosphate content (P), starch apparent 
amylose content (AM), starch content (Cstarch), median granule size (d50), starch gelatinization temperature 
(To, Tp and Tc) and gelatinization enthalpy (ΔH) are shown. Data (mean ± S.D.) are the average of two or three 
independent measurements.
Line Class Colour P 
(nmol/mg)
AM (%) Cstarch
(mg/g FW)
d50 (µm) To (°C) Tp (°C) Tc(°C) ΔH (J/g)
UT n.d. blue 26.7 ± 0.6 18.3 ± 0.2 143.4 ± 4.2 17.5 ± 0.4 66.6 ± 0.2 70.6 ± 0.2 80.3 ± 0.4 20.7 ± 0.3
D05 H red 34.8 ± 0.0 3.3 ± 0.1 131.3 ± 1.9 14.8 ± 1.2 71.0 ± 0.2 76.0 ± 0.1 84.0 ± 0.3 17.2 ± 0.6
D13 L blue 31.8  ± 0.4 17.5 ± 0.4 151.5 ± 1.2 20.6 ± 0.4 68.1 ± 0.1 72.0 ± 0.0 82.2 ± 0.6 18.9 ± 0.7
CD24 L red 33.0 ± 0.3 4.4 ± 0.1 146.7± 2.5 24.2 ± 0.2 69.1 ± 0.1 73.3 ± 0.1 80.9 ± 0.1 17.4 ± 0.2
CD28 M blue 30.8 ± 0.0 18.0 ± 0.5 140.4 ± 2.3 22.5 ± 0.3 66.7 ± 0.2 70.7 ± 0.2 79.4 ± 0.0 18.2 ± 0.2
SD07 M red 35.5 ± 0.0 3.1 ± 0.2 149.5 ± 1.0 24.5 ± 0.4 69.4 ± 0.1 73.5 ± 0.1 81.2 ± 0.2 17.5 ± 0.7
SD16 H blue 30.1 ± 0.1 16.7 ± 0.7 140.1 ± 0.0 18.9 ± 0.1 66.1 ± 0.3 70.0 ± 0.3 79.1 ± 0.0 19.6 ± 0.5
n.d., not detected
Starches in DSP transformants are different from those in CD and SD transformants
To disclose more information resulting from combinatorial effects of the different starch 
characteristics, a principal component analysis (PCA) was performed for all samples. As 
shown in Fig. 7, the first component (PC1) explains ~60.4% of the variance and separated 
modified starches on their phosphate content (P), amylose content (AM) and gelatinization 
temperatures (To, Tp and Tc). The second component (PC2), which summarized ~15.1% 
of observed variation, was largely influenced by the variations in the starch moisture 
content (MC), gelatinization enthalpy (ΔH) and granule median size (d50). D series (red 
dots) was separated from CD and SD series (green and blue dots, respectively), while CD 
and SD modified starches did not separate from each other, suggesting that DSP alone 
functioned in a different way than when appended to a glucan-binding domain (CD and 
SD). The analysis also showed that starches from CD and SD series had larger granules and 
higher MC than that from D series. The modified starches with relatively higher phosphate 
content, circled by the dotted line, had higher gelatinization temperatures, which is 
consistent with the visual inspection of the data in Table 1.
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FIGURE 7. Principal components biplot displaying the classification of starches from three transgenic 
series based on the starch characteristics. Green vectors indicate the correlation between the different 
measured variables. P, phosphate content; To, onset temperature of gelatinization; Tp, peak temperature of 
gelatinization; Tc, conclusion temperature of gelatinization; MC, starch moisture content; ΔH, gelatinization 
enthalpy; AM, amylose content; d50, granule median size.
Relationships between starch characteristics 
Correlation analyses were performed to dissect the underlying relationships between 
starch compositional characters and starch physico-chemical properties (Fig. 8). Strong 
negative correlation (r = -0.7) was detected between phosphate content (P) and amylose 
content (AM). Phosphate content was positively correlated (r = 0.6 or 0.7) with gelatinization 
temperatures (To, Tp and Tc), and negatively correlated (r = -0.5) with gelatinization 
enthalpy (ΔH). By contrast, AM displayed remarkably opposite correlation patterns with P, 
exhibiting a negative association to To, Tp and Tc (r = -0.8 or -0.6), and a positive correlation 
to ΔH (r = 0.7). the negative correlations between starch moisture content (MC) and 
gelatinization temperatures (r = -0.4 or -0.6) were observed. Furthermore, starch granule 
median size (d50) showed a negative correlation (r = -0.2 or -0.3) with To, Tp and Tc, but its 
associations with starch compositional characters (P, AM and MC) were not significant.
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FIGURE 8. Heat-map displaying the extent and direction of correlations (r) between starch compositional 
characters and starch physico-chemical properties in transgenic lines. Correlations were statistically 
significant at r ≥ 0.22 and r ≤ -0.22. Blue colours show negative correlations and red colours show positive 
correlations. P, phosphate content; To, onset temperature of gelatinization; Tp, peak temperature of gelatinization; 
Tc, conclusion temperature of gelatinization; MC, starch moisture content; ΔH, gelatinization enthalpy; AM, 
amylose content; d50, granule median size.
Laforin affects expressions of starch dikinases and hydrolases 
To understand whether these differences in starch phosphate content were caused by 
direct or indirect action of laforin, expression level of crucial genes responsible for starch 
phosphorylation was monitored by qRT-PCR on the same transformants previously 
selected to examine GBSSI expression. Interestingly, in general, the results displayed an 
increased pattern for starch dikinases, GWD1 and GWD3, in all selected transformants 
compared to the control (Fig. 9a). On the other hand, expression of orthologues of the 
Arabidopsis SEX4, LSF1 and LSF2 was not affected in transformants (S2 Fig). Further analysis 
revealed that the expression level of both GWD1 and GWD3 was positively correlated with 
starch phosphate content (r = 0.6, p < 0.05, Fig. 9b). In addition, a positive correlation (r = 
0.9, p < 0.001) between the expression levels of both genes was found (Fig. 9c), suggesting 
that they are co-regulated. This result is consistent with the study of Smith et al. (2004), 
who found similar expression pattern for GWD1 and GWD3 genes in Arabidopsis leaves. 
Particularly, the expression level of these two genes was substantially higher in the D 
transformants than that in the CD, SD and the control, which is consistent with observed 
higher phosphate content.
To investigate whether the expression of genes involved in starch metabolic pathways 
was affected in the transgenic lines, four starch-degrading and seven starch-synthesizing 
genes were selected and their expression was assessed by qRT-PCR analysis. Generally, 
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the expression level of starch-degrading genes was altered relative to the control, but 
various genes showed different patterns among transformants of the three different 
constructs (Fig. 9b). The expression of SP in all transgenic lines was significantly higher 
compared to the control (t-test, p < 0.01 or 0.001) regardless of the construct used. In 
particular, D series showed a 14-fold increase in the average expression of SP than the 
control, whereas a 5-fold increase was observed in CD series. Similarly, transformants from 
all series exhibited a significant increase in the expression of BAM9 (t-test, p < 0.001). For 
the AMY23 expression, an increase up to 20-fold (p < 0.05) was found in transfomants from 
CD series compared with the control, but the increase in transformants from D and SD 
series was smaller. For other starch-synthesizing genes no consistent differences between 
transformants and the control were detected for any of the series (S2 Fig). In addition, 
a positive correlation was established between SP expression and GWD1 expression (r 
= 0.9), as well as GWD3 expression (r = 0.8), indicating that these three genes are co-
expressed (Fig. 9d). Taken together, introduction of the (engineered) laforin leads to the 
up-regulation of starch-degrading genes, but does not affect the expression of genes 
involved in starch synthesis.
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FIGURE 9. (a) The expression of the genes encoding key enzymes involved in starch metabolism and (b) 
correlation between starch phosphate content and gene expression and (c, d) between relative 
expressions of different genes. qRT-PCR was performed on control UT and 5 random-selected transgenic 
tubers from each series, containing transformants with 8 red-stained starches and 7 blue-stained starches.The 
expression level of following genes were measured: glucan, water dikinase (GWD1), phosphoglucan, water 
dikinase (GWD3), starch phosphorylase (SP), β-amylase 9 (BAM9) and α-amylase 23 (AMY23). The values are 
expressed as the mean ± S.D. from three independent measurements. Statistical significances between each 
starch sample and the control determined by using t-test (*, p < 0.1; **, p < 0.01; ***, p < 0.001).
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Discussion
In this study, laforin, a human phosphatase gene, was engineered and introduced into 
potato plants to modulate phosphate content in starch granules, thus exploring the 
effect of phosphate content on starch properties and the mechanism of phosphoglucan 
metabolism in storage starch. When setting up the experiments, the idea was to generate 
starches with low amounts of phosphate content by expressing the (engineered) laforin 
gene in potato tubers. However, contrary to the expectation, the phosphate content 
increased substantially in starches from the transgenic lines compared with that of the 
control plants regardless of the construct and genetic background (Kardal and amf). This 
finding seems to conflict at first glance with the results of Worby et al. (2006), who found that 
laforin dephosphorylates potato amylopectin in vitro. Clearly, the environment in potato 
amyloplasts is much more intricate than that in the in vitro system, and one important 
difference is the presence of other endogenous genes, which may be an obstacle to detect 
the individual effect of laforin expression on phosphate content in potato. Therefore, we 
investigated whether the introduction of laforin affects the expression of other genes 
involved in starch phosphorylation pathway. Interestingly, the expression levels of starch 
phosphorylating genes, GWD1 and GWD3, were significantly increased in the different 
transformants. Moreover, a positive correlation was found between starch phosphate 
content and the transcript levels of both GWD1 and GWD3 genes (Fig. 9b). Collectively, 
these results demonstrate that the expression of the (engineered) laforin in potato induces 
starch phosphorylation via GWD1 and GWD3 and thereby leads to an increase in phosphate 
content in starch granules, albeit the exact mechanism by which this would work remains 
to be elucidated. It has been demonstrated that starch phosphate groups are essential for 
well-functioning starch metabolism and plant performance (reviewed in (Blennow, 2015)). 
It is therefore likely that a regulatory mechanism may exist to maintain certain proportional 
phosphate content in starch granules during starch synthesis. The phenomenon observed 
in this study could arise through a compensatory mechanism: where laforin removes 
phosphate while GWD1 and GWD3 compensate by adding extra phosphate. Hence, the 
phosphate content obtained in modified starch might be the result of both (engineered) 
laforin activity and GWD1/GWD3 activity, and each of which is difficult to quantify. A similar 
compensatory regulation was also proposed by Mahlow et al. (2014), who detected higher 
GWD3 levels in the Arabidopsis GWD1-deficiency mutants.
One other clear effect of the transformation was that about 23% of modified starches 
displayed red-stained color and low amylose content, and further analysis revealed that 
the lower content of amylose was caused by GBSSI suppression (Fig. 4). Moreover, these 
red-stained starches showed significantly higher phosphate content compared with that of 
blue-stained starches in each series (Fig. 5, Table 1). A further increase in phosphate content 
is likely a consequence of the decreased amylose level, based on the fact that phosphate 
groups are covalently bound to amylopectin but not to amylose.
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Notably, GBSSI suppression in transformants has been observed in earlier studies using similar 
constructs containing GBSSI promotor and transit peptide, however, this phenomenon 
occurred in a much lower ratio, about 3% (Ji et al., 2003; Kortstee, 1997). Authors suggested 
co-suppression of GBSSI gene, and this might explain it here as well, as the promoter and 
transit peptide used in the constructs were derived from the GBSSI gene. However, since in 
this study the occurrence rate of modified starches with low amylose content is dramatically 
higher than the above-mentioned studies, it suggests that the upregulation of GBSS might 
also be a consequence of the presence of the (engineered) laforin.
Interestingly, an increase in the transcripts of starch-degrading genes in transformants was 
observed, but not in the starch-synthesizing genes (Fig. 9a, S2 Fig). Furthermore, a positive 
correlation was found between the expression of the SP and that of phosphorylating genes, 
GWD1 and GWD3 (Fig. 9d). These results re-enforce the view that the presence of phosphate 
content can stimulate starch degradation (Blennow and Engelsen, 2010; Blennow et al., 2002; 
Edner et al., 2007). Although one would expect to observe a decrease in starch content, we 
haven’t been able to detect significant difference between transformants and the control.
Furthermore, CD and SD transformants did not show differences in starch characteristics, 
such as phosphate content, granule size, etc. These results indicate that replacing CBM20 
with SBD in laforin did not affect protein behaviour in potato. Intriguingly, D transformants 
had a higher amount of starch phosphate content than CD and SD transformants. This might 
have resulted directly from the higher expression of GWD1 and GWD3 in D transformants (Fig. 
9a). Another possible reason could be the different phosphatase activity when expressing 
D alone or D associated with a starch-binding domain. Previous studies have shown that 
deleting CBM20 in laforin completely abrogated the phosphatase activity of laforin (Liu et 
al., 2006). If this is the case, then differential turnover of starch phosphate content between 
D transformants and CD/SD transformants could be expected, leading ultimately to the 
differences in starch phosphate content.
Regardless of laforin accumulation level, the phosphate content of blue-stained starches 
ranged between 29 to 32 nmol/mg starch, which is similar to the highest concentration 
of starch phosphate found in native potato starches so far (35 nmol/mg starch) (Karim et 
al., 2007; Morrison et al., 2001; Noda et al., 2004; Suzuki et al., 1994). These data suggested 
that values around 30 nmol phosphate/mg starch might be the maximal phosphate 
concentration in Kardal starch. To date, engineering potato starch with high phosphate 
content has been attained as a side effect of the alteration in amylopectin structure or 
amylose content, suggesting the incorporation of phosphate groups is restricted by 
starch structure and composition in starch granules. For instance, starch structure may 
have a limited number of sites where phosphorylation can take place, or it may well be 
that phosphorylating enzymes are not able to access or add phosphate in all possible 
phosphorylation sites. This is supported by the earlier studies, showing elongated and 
branched chains are preferably phosphorylated (Blennow et al., 2002; Schwall et al., 2000; 
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Takeda and Hizukuri, 1982). A similar phenomenon has been observed in transgenic potato 
plants overexpressing the granule-bound starch synthase (GBSS) gene (Flipse et al., 1994; 
Flipse et al., 1996a). The authors found that the amylose content in transformants did not 
increase above the wild-type level, therefore, they suggested that there is limited space 
existing in starch granules to deposit amylose molecules. Collectively, it could conceivably 
be hypothesised that engineering potato starch for even higher phosphate starch is only 
possible when more phosphate groups can be deposited in the starch granules resulting 
from an alteration in the starch structure or starch composition.
Starch synthesis is a complex process, which is mediate by various enzymes. In this study, 
starch granules with altered morphology, irregular bumpy surface, and bigger size were 
observed in all series compared with the control. These changes are more likely to be 
caused by the effects of the (engineered) laforin on genes involved in starch biosynthesis/
degradation rather than due to the direct activity of the (engineered) laforin enzyme. 
This might be the reason why no significant correlation has been found between laforin 
gene expression and starch granule morphology, size and properties. The CD and SD 
starch granules showed a larger size than the control, which is in accord with previous 
observations that the introduction of starch-binding proteins in potato could alter the 
granule morphology and granule size (Firouzabadi et al., 2007; Huang et al., 2013; Huang et 
al., 2014; Ji et al., 2004).
Correlations between different starch compositional characters and starch properties have 
been identified. A strongly negative correlation (r = -0.7) was found between phosphate 
content and amylose content (in Kardal background), which is supported by previous 
studies (Karim et al., 2007; Kozlov et al., 2007; Noda et al., 2004; Singh et al., 2005; Vikso-
Nielsen et al., 2001). These findings confirmed that amylose/amylopectin ratio plays a 
role in the regulation of starch phosphate content. The correlation between phosphate 
content (P) and gelatinization characteristics might be an indirect effect caused by the 
decreased amylose content in modified starches, since we only found obvious changes 
on gelatinization characteristics in those starches with less amylose content (red-stained 
starches).
Overall, our results re-enforce the notion that alteration of starch components (amylose/ 
amylopectin ratio) in potato starch is an efficient way to modulate starch phosphate content 
in storage starch. Intriguingly, this study reveals that potato tuber starch, containing by 
nature already high level of starch phosphate, has obviously a strong compensatory 
mechanism to modulate starch phosphate content during starch biosynthesis. A better 
understanding of this compensatory mechanism may provide better insights on how to 
modify starch phosphate content in potato starch.
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Supplementary data
FIGURE S1. Schematic representation of pUC19/SBD2 vector. SBD, Linker, Amp and Ter stand for starch binding 
domain of cyclodextrin glycosyltransferase from Bacillus circulans, an artificial PT-linker, ampicillin resistant gene 
and terminator, respectively. To generate this construct, a sequence encoding the potato GBSSI promoter and part 
of GBSSI transit peptide (HindIII - HindIII) was amplified from the construct pBIN19/SBD2 (Ji et al., 2004) with primers 
5’-CCAAGCTTAATACTAAAAAATGCAACAAAAT-3’ and  5’-CCAAGCTTGTTAACAGCCCTTAAACCAT-3’ and inserted 
into the corresponding sites of the pUC19 vector. The orientation of the HindIII - HindIII fragment was verified by 
sequencing. Subsequently, the sequence containing a SBD2 fragment and a part of GBSSI transit peptide (HpaI - BamHI) 
was amplified from pBIN19/SBD2 with primers 5’- CGTTAACAAGCTTGATGGGCTCCAATCAAGAACT-3’ and 
5’-CGGGATCCGCCAAAACAGCCAAGCTTATG-3’, followed by cloning into corresponding sites of pUC19.
FIGURE S2. The expression level of the genes encoding key enzymes involved in starch metabolism. 
Include: phosphoglucan phosphatase starch excess 4 (SEX4), like-SEX4 genes (LSF1 and LSF2), starch-branching 
genes (SBEI and SBEII) and isoamylase genes (ISA1, ISA2 and ISA3), soluble starch synthase genes (SSSII and SSSIII) 
and β-amylase 1 (BAM1). The qRT-PCR was performed on control tubers (UT) and five random-selected transgenic 
tubers from each series, containing transformants with eight red-stained starches and seven blue-stained 
starches. The values are expressed as the mean ± S.D. from three independent measurements. No consistent 
changes in the expression level of these genes were observed relative to the control.
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Abstract
Starch phosphate esters are crucial in starch metabolism and render valuable functionality 
to starches for various industrial applications. A glucan, water dikinase (GWD1) was 
overexpressed in tubers of two different potato genetic backgrounds: amylose-
containing line Kardal and amylose-free mutant amf. In both backgrounds, this resulted 
in two effects, a number of plants showed effects of overexpression of GWD1, while others 
lines exhibited co-suppression of GWD1, thereby generating two series of starches with 
broad-scale variation in phosphate content (2-33 and 0-28 nmol/mg starch in Kardal and 
amf background, respectively). A comprehensive and systematic analysis was conducted 
on these two series of starches, with the aim to investigate in detail the effects of starch 
phosphate content on starch characteristics. The results revealed that starch phosphate 
content strongly influenced starch morphology, amylose content, starch fine structure, 
gelatinization characteristics and freeze-thaw stability of starch gels, but no changes in 
starch content and starch digestibility were found between starches from transformants 
and control lines. The possible role of starch phosphate groups in starch granule formation 
and effects of these on starch properties are discussed. Further analyses on the expression 
level of genes involved in starch metabolism and sugar-starch conversion suggested that 
starch phosphorylation regulated starch synthesis by controlling the carbon flux into 
starch while simultaneously modulating starch-synthesizing genes. 
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Introduction
Starch is a major component contributing to yield in a variety of crop plants and also a 
sustainable feedstock for many industrial applications. It is principally composed of two 
glucose polymers, amylose and amylopectin. Amylose is mainly a linear molecule with 
α-1,4 linked glucose residues, while amylopectin is a highly branched molecule with α 
-1,6 linkages. Besides these polymers, phosphate esters are covalently bound to starch 
granules, providing specific functionalities to starches and thus making these more 
suitable for different industrial applications. These phosphate esters are mainly present 
in the amylopectin chains and monoesterified at both the C-6 (~70%) and C-3 (~30%) 
positions of glucose units (Blennow et al., 2000a; Hizukuri et al., 1970). The level of starch 
phosphorylation depends on plant organ and species. In potato tubers, storage starches 
contain up to 33 nmol phosphate /mg starch, whereas the phosphate content in transitory 
starch does not exceed 0.1% (Blennow et al., 2000a). The presence of high phosphate 
content in potato starch is in part responsible for the high swelling power and stable-
paste properties, thereby broadening the end-use of potato starches to a wide variety of 
applications in food and non-food industries (Jobling, 2004). 
Two enzymes have been identified as being responsible for starch phosphorylation: 
glucan, water dikinase (GWD1) (Ritte et al., 2002) and phosphoglucan, water dikinase 
(GWD3/PWD) (Baunsgaard et al., 2005; Kotting et al., 2005). GWD1 and GWD3 selectively 
catalyse the formation of starch phosphate monoesters at the C-6 and C-3 positions of 
glucose units, respectively (Ritte et al., 2006), with GWD3 activity dependent on that of 
GWD1 (Baunsgaard et al., 2005). It has been shown that GWDs are widely distributed in the 
plant kingdom including Arabidopsis leaves, leaves and tubers of potato, roots of sweet 
potato and yam, cereal endosperm of barley and maize, and banana fruit, suggesting 
their omnipresent role in plant metabolism (Blennow, 2015; Lorberth et al., 1998; Ritte et 
al., 2000). 
To date, the essential role of starch phosphorylation in starch degradation has been 
demonstrated in both leaves and tubers. The direct evidences were obtained in transgenic 
plants deficient in GWD1, showing starch excess phenotypes in the leaves of Arabidopsis 
and potato and the repression of cold-sweetening in potato tubers (Lorberth et al., 1998; 
Yu et al., 2001a). In transitory starch, phosphate groups can bring disturbance into the 
crystalline building blocks of starch granules and by that facilitate the access of degrading 
enzymes at the granule surface, thereby stimulating starch degradation (Blennow and 
Engelsen, 2010; Ritte et al., 2007). On the other hand, less recognition has been given to 
the effects of starch phosphorylation on starch synthesis. A recent study in Arabidopsis 
thaliana has shown that the suppression of GWD1 inhibited starch synthesis in the light 
phase, indicating that starch phosphorylation can stimulate starch synthesis (Skeffington 
et al., 2014). However, much remains to be learned with respect to the exact metabolic 
role of starch phosphorylation especially in storage starch.
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Previous studies have reported the effect of the down-regulation of GWD1 on starch 
composition and properties (Kozlov et al., 2007; Vikso-Nielsen et al., 2001); however, these 
studies were conducted on a small sample size and thus strongly limiting conclusions. 
Therefore, further study in detail is required. In particular, such information could facilitate 
the understanding of the role of starch phosphorylation in the regulation of starch granule 
assembly and starch metabolism in storage starch, and generating tools for tailoring 
starch in planta.
The present study extends previous studies by exhaustively characterizing potato 
transformants with a large range of starch phosphate content from two genetic 
backgrounds. We present a comprehensive and systematic analysis to investigate 
the impact of starch phosphorylation on starch characteristics. The roles of starch 
phosphorylation in starch granule formation, biosynthetic pathway and on starch 
properties are discussed. 
Materials and methods
Plasmid construction
For the assembly of the pBIN19/GWD1 construct, the GWD1 encoding fragment was 
obtained by PCR amplification with the primers 5’- TACCATGGACTACAAAGACGATGAC
GATAAAACTAGTATGAGTAATTCCTTAG-3’(FLAG-encoding sequence underlined) and5’-
GAGGATCCACGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGCATCTGTGGTCTTGTC-3’ 
(HIS-encoding sequence underlined), which contained NcoI and BamHI sites at 5’ ends 
(in bold), respectively. This amplified GWD1 fragment, containing an N-terminal FLAG 
tag and a C-terminal HIS tag, was cloned into NcoI/BamHI restriction sites of pUC19/SBD2 
(Supplementary Fig. S1), generating the pUC19/GWD1 plasmid. After digestion of this 
plasmid with HpaI and BamHI, the fragment was inserted into the corresponding sites of 
pBIN19/SBD2 (Ji et al., 2004) to generate the pBIN19/GWD1 plasmid (Fig. 1).
FIGURE 1. Schematic depiction of the construct PBIN19/GWD1. GWD1 was cloned in frame with GBSSI transit 
peptide to allow amyloplast targeting and was driven by GBSSI promoter for tuber expression. RB and LB stand 
for right and left borders, respectively. Kan and 3’NOS stand for kanamycin resistant gene and NOS terminator, 
respectively. The arrow represents the cleavage site of the transit peptide. FLAG and HIS are two tags for protein 
quantification and HpaI, NcoI and BamHI are restriction enzymes. 
66
4
Chapter 4
Transformation and regeneration
pBIN19/GWD1 was introduced into both amylose-containing (Kardal) and amylose-free 
(amf) potato genetic backgrounds via Agrobacterium tumefaciens transformation, yielding 
the series KDG and amfG in which KD and G represent Kardal background and GWD1, 
respectively. After kanamycin selection, about thirty independent transgenic plants of 
each series as well as control plants (untransformed plants and transformed plants with 
empty vector) were multiplied to five plants and grown under standard greenhouse 
conditions (16 h light at 20ºC and 8 h dark at 18ºC). Tubers were harvested at the end of the 
life-cycle. No differences were detected between untransformed lines and transformed 
plantlets with empty vector, therefore they were further referred to as control or UT. 
Starch isolation
To minimize individual variation, tubers from five plants from the same clone were pooled 
together, and starch isolation was performed according to the procedure described in 
Huang et al. (2013).
Analysis of starch characteristics
All analysis conducted in this manuscript have been performed in duplicate unless 
indicated otherwise.
Starch suspensions were stained with 20×diluted Lugol’s solution (1 % I2/KI) and then 
investigated with light microscopy (LM, Axiophot, Germany). Further, scanning electron 
microscopy (SEM) PhenomTM (FEI, The Netherlands) was used to examine the detailed 
morphology of starch granule surfaces. About 1 mg of starch samples were evenly 
distributed on carbon tabs (Agar Scientific, UK) and mounted onto 12.70 mm aluminium 
specimen stubs (Agar Scientific, UK), followed by coating with gold using a sputter coater 
(EMITECH K550X; Quorum Technologies, UK). All images were digitally recorded.
Starch samples were embedded in rapid setting Araldite and 1.5 µm thick sections were 
cut using an Ultramicrotome (Ultracut E, Reichert-Jung) according to the procedure of 
(Ridout et al., 2002). The sections were stained with 20×diluted Lugol’s solution (1 % I2/KI) 
and then investigated with light microscopy (LM, Axiophot, Germany).
Particle size distribution was measured with a Coulter Multisizer II (Beckman-Coulter, UK) 
equipped with a 200-µm aperture tube. Approximately 10 mg of starch samples were 
suspended in a particle-free electrolyte (ISOTON® II, Beckman-Coulter, UK), and then 
analysed by counting 50,000 particles with coincidence factor set at 10%.
Gelatinization properties of both modified starches and control starches were analysed by 
Differential Scanning Calorimetry (DSC), with the Perkin-Elmer Pyris 6 (Perkin-Elmer, The 
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Netherlands). The starch samples were adjusted to 80% moisture content in a stainless-
steel pan by adding an appropriate amount of water according to the dry matter content 
of the starch samples. The pan was hermetically sealed followed by equilibration of the 
starch samples and the water at room temperature overnight. The samples were scanned 
in the temperature range from 40 °C to 100 °C at a rate of 10 °C/min, using an empty pan 
as the reference. The onset (To), peak (Tp) and conclusion temperature (Tc) of gelatinization 
and the melting enthalpy (ΔH, J/g) were determined.
The apparent amylose content was measurement according to the procedure described 
in Hovenkamp-Hermelink et al. (1988).
High-performance anion-exchange chromatography with pulsed amperometric detection 
(HPAEC-PAC) was used to determine amylopectin chain length distribution (CLD) on 
granule surfaces and whole granules. CLD of the whole granule was analysed according 
to the method of Huang et al. (2013). CLD of the granule surface was determined with the 
same protocol, but without the solubilisation of starches in the first step.  
Starch content was determined as described by Kok-Jacon et al. (2005a).
Total phosphate content in the starch was determined according to the method of 
Morrison (1964) with some modifications. Twenty mg of dry starch were suspended in 
250 µl of 70% (w/w) HClO4 and completely charred at 250 °C for 25 min. The solution was 
clarified by adding 50 µl 30% (w/v) H2O2 and gently boiled for 2 min. After cooling to room 
temperature, water was added to a final volume of 2 ml and 100 µl of the sample were 
transferred into a 96-well microtiter plate, followed by adding 200 µl of colour reagent 
[0.75% (w/v) (NH4)6Mo7O24.4H2O, 3% (w/v) FeSO4.7H2O and 0.75% (w/v) SDS dissolved in 
0.375 M H2SO4]. Absorbance at 750 nm was then measured in a Model 680 XR Microplate 
Reader (Bio-Rad, US), and compared to the absorption of a calibration curve to calculate 
the concentration in nmol PO4/mg starch.
Starch digestibility was determined according to the method of Warren et al. (2015) with 
some modifications. Fifty milligrams of starch were suspended in 4.95 mL of acetate 
buffer (0.2 M, pH 6, containing 200 mM CaCl2 and 0.5 mM MgCl2), followed by incubation 
with 50µl enzyme solution containing 10 U α-amylase (porcine pancreas, Sigma) and 
5.6 U amyloglucosidase (Aspergillus niger, Megazyme) for 2h at 37 °C. Aliquots (200 μl) 
were centrifuged and subjected to HPAEC. The amount of glucose was calculated and 
presented in µg/ mg dry starch.
Starch freeze-thaw stability of starch gels was measured in triplicates according to the 
method described in Jobling et al. (2002).  
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RNA-sequencing (RNA-seq) and quantitative RT-PCR (qRT-PCR) analysis
Mature tubers were sampled from five plants from the same clone. Samples were 
frozen in liquid N2 and stored in -80ºC freezer until RNA isolation was conducted. Total 
RNA was extracted from potato tuber samples according to Kuipers et al. (1994). cDNA 
was synthesized from 1 μg of total RNA, previously treated with RNase-free DNase I 
(Invitrogen), by using the iScriptTM cDNA Synthesis Kit (Bio-Rad). Quantitative real time 
PCR (qRT-PCR) was performed on all transformants and control plants to determine the 
expression level of GWD1. The total volume of each reaction was 10 µl, containing 50 ng 
cDNA, 3 µM of each gene-specific primer, and 5 µl SYBR Green Supermix Reagent (BioRad). 
All reactions were carried out in triplicate using CFX96 Real-Time PCR machine (BioRad) 
with the following thermal cycling conditions: 3 min of denaturation at 95°C, followed by 
45 cycles (15 s at 95°C, 60 s at 60°C). The elongation factor 1-α gene (EF1α) was used as the 
reference to normalize gene expression across the samples because it was reported to be 
relatively stable in expression (Nicot et al., 2005). Target genes were expressed relative 
to EF1α using the comparative Ct method (Livak and Schmittgen, 2001). Gene-specific 
primers were designed with Primer-3-Plus software (Untergasser et al., 2007a) and are 
listed in Supplementary Table S1.
Tubers of two transformants from each background containing high- and low-phosphate 
starches and control lines were subjected to the RNA-seq. RNA quality and quantity was 
measured using the NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA) and Agilent 
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). mRNA was enriched with the oligo(dT) 
magnetic beads and fragmented into ~200 bp fragments. Then first strand of cDNA 
was synthesized using random hexamer-primer. The second strand was subsequently 
synthesized by adding buffer, dNTPs, RNase H and DNA polymerase I into the reaction. The 
double strand cDNA was then purified with magnetic beads, followed by end reparation 
and 3’-end single nucleotide A (adenine) addition. Finally, sequencing adaptors were 
ligated to the fragments and the ligation products were enriched by PCR amplification. 
The quality and quantity of the library were verified using Agilent 2100 BioAnalyzer system 
and ABI StepOnePlus Real-Time PCR System.   The products of RNA-seq libraries were 
sequenced with Illumina HiSeqTM 2000 (SE50). Construction of RNA sequencing library, 
sequencing and bioinformatics analyses were performed by BGI Tech (BGI, Hongkong).
Based on the RNA-seq data, starch metabolic genes with differential expression were 
chosen to further investigate on six transformants with low-phosphate starches and six 
transformants with high-phosphate starches from both backgrounds. These selected 
genes were starch phosphorylase (SP), starch synthases (SSII and SSIII), starch branching 
gene (SBEII), sucrose synthase 4 (SUSY4), ADP-glucose pyrophosphorylase (AGPase), 
Glc6P/phosphate translocators (GPT1 and GPT2) and invertase (INV), granule-bound 
starch synthase I (GBSSI), fructokinase (FK), α-amylase (AMY1 and AMY2) and β-amylase 
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(BAM). All target genes were expressed relative to EF1α (Nicot et al., 2005) and determined 
in triplicate by using the comparative Ct method (Livak and Schmittgen, 2001). The gene 
information and specific primers used in this study are listed in Supplementary Table S1.
Statistical analysis
Significant differences in phosphate content, GWD1 expression level, amylose content, 
starch thermal properties and the expression of starch metabolic genes were assessed 
using t-test. Inter-relationships between starch components and starch properties were 
analysed by means of Pearson correlations. All statistical analyses were performed using 
GenStat (16th edition). 
Results 
Modified starches show a wide variation in phosphate content
About thirty independent plants from each genetic background fror each of the constructs 
were grown in the greenhouse and mature tubers were harvested at the end of the life-
cycle. No significant differences in plant architecture, tuber morphology or tuber yield 
were detected in transgenic plants relative to control plants. 
Starch phosphate content was measured for starches from all transformants and control 
plants. Modified starches exhibited broad-scale variation in phosphate content in both 
KD and amf backgrounds, 2-33 and 0-28 nmol/mg starch, respectively (Fig. 2). Based on 
the phosphate content, modified starches were further divided into two groups (GI and 
GII) for each background. GI group contained starches with higher phosphate content 
relative to the control, whereas GII group contained starches with lower phosphate 
content compared to the control. In the KD background, KDGI group consisted of half 
(14 out of 29) of the transformants, and the other half of the transformants comprised the 
KDGII group. Four out of thirty transformants from amf background were classified into 
amfGI group, while the others were classified into amfGII group.
As shown in Fig. 2, regardless of background, starches from both GI and GII groups showed 
a significant change in phosphate content compared to their respective control (t-test, p 
< 0.001). Particularly, the average phosphate content of starches from KDGI group was 
~11 nmol/mg starch, which corresponded to ~41% of the starch phosphate content in 
UT-KD lines (27 nmol/mg). The average phosphate content of starches from amfGI group 
was ~7 nmol/mg starch, corresponding to ~43% of the starch phosphate content in the 
UT-amf lines (~17 nmol/mg). In KDGII group, the average phosphate content of starches 
was increased to 31 nmol/mg starch, while that of starches from amfGII groups was 
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increased to 20 nmol/mg starch. Taken together, these series of starches with broad-scale 
variation in phosphate content open up the possibility of investigating the effect of starch 
phosphate content on starch composition and properties with a good resolution.
FIGURE 2. Box-plot representing the phosphate content of starches from all transformants in both 
genetic backgrounds and respective untransformed controls (UT-KD and UT-amf). KDGI and amfGI stand 
for the groups that contain starches with lower phosphate content than the corresponding controls, while amfGI 
and amfGII are the groups that contain starches with lower phosphate content than the controls. Boxes in the 
plot include values in the 25%–75% interval, internal lines represent the median, colour-filled circles indicate the 
mean, black circles indicate outliers and bars represent extremes. All the measurements were performed in 
duplicates. Significant differences determined by using t-test (***, p < 0.001).
Alterations in starch phosphate content are caused by modulation of GWD1 expression
To examine whether the alteration of starch phosphate content was a consequence 
of changes in GWD1 expression, expression of the GWD1 gene was verified in all 
transformants using qRT-PCR. As shown in Fig. 3a, GWD1 expression levels of KDGI 
transformants was on average more than 2-fold lower than in the control, while some 
KDGII transformants showed about 20% increase in GWD1 expression compared to the 
control. Similarly, this significant decrease was found in the GWD1 expression of amfGI 
transformants relative to the control (t-test, p < 0.001). Furthermore, a positive correlation 
between starch phosphate content and GWD1 expression level was observed (Fig. 3b, r 
= 0.7 and 0.8 in the KD and amf background, respectively). This result indicates that the 
differences in starch phosphate content are likely to be directly a consequence of changes 
in GWD1 expression. 
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FIGURE 3. GWD1 expression level of all transformants and control plants. (a) Box-plot representing the 
GWD1 expression levels of transformants from KDGI, KDGII, amfGI, amfGII and control plants (UT-KD and UT-amf). 
Boxes in the plot include values in the 25%–75% interval, internal lines represent the median, black circles 
indicate the mean and bars represent extremes. All the measurements were performed in duplicates. Significant 
differences determined by using t-test (***, p < 0.001). (b) The correlation between GWD1 expression and 
phosphate content in both backgrounds.
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Modified starches show changes in granule morphology 
To investigate starch granule morphology, light microscopy (LM) and scanning electron 
microscopy (SEM) analyses were performed on both modified and control starches. KDGI 
starch granules with low phosphate content (less than 10 nmol/mg starch) showed a 
uniform rounded shape with fissures (Fig. 4B and H), while UT-KD granules exhibited an 
oval shape (Fig. 4A and E). The clustered “bubbles” and grooves protruded at the surface 
of KDGI starch granules (Fig. 4K) contrasted with the smooth surface observed in UT-KD 
granules (Fig. 4J). Interestingly, the extent of morphological changes correlates with 
starch phosphate content, as fissures diminish in granules with higher phosphate content 
and ultimately disappear when phosphate content was more than 15 nmol/mg starch. 
Starch granules from KDGII group showed irregular bumpy surfaces compared to the 
control starch (Fig. 4C, I and L). The internal structure of the starch granules was examined 
by sectioning granules and visualizing under LM. Severe internal cracks were present in 
the KDGI starch granules and less distinct growth rings were observed compared with the 
ones of control and KDGII starch granules (Fig. 4D, E and F). Moreover, the protrusions of 
granules from both KDGI and KDGII were only placed on the granule surface.  
In the amf background, the shape of amfGI starch granules was more spherical compared 
with that of control and amfGII starches (Fig. 4P, Q and R). The distribution of growth rings 
in control and amfGII granules were apparently identical (Fig. 4M and O). The width of 
the rings was decreased from the hilum to the periphery and they were much greater at 
the distal end than those at the proximal end. By contrast, growth rings in amfGI granules 
were displayed in the pattern of concentric circles and ring width was similar at the distal 
and proximal ends, showing that the hilum was more central than those in the control 
and amfGII granules (Fig. 4N).
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FIGURE 4. Light micrographs and SEM analyses showing the starch granules morphology of UT-KD (A, D, 
G and J), KDGI (B, E, H and K), KDGII (C, F, I and L), UT-amf (M and P), amfGI (N and Q) and amfGII (O and R). 
Section images showing the granule internal structure of UT-KD (D), KDGI (E) and KDGII (F). Starch granules were 
stained with a 20× diluted Lugol solution for light microscopy.
74
4
Chapter 4
Starch fine structure is altered in modified starches
We investigated the chain length distribution of all starches using native and solubilized 
starches. After debranching with isoamylase, the soluble glucans released from starches 
were analysed using HPAEC-PAC. Regardless of the background, glucan chains obtained 
from granule surface did not show differences between transformants and control (data 
not shown).
By contrast, significant differences in chain length distribution of solubilized starches 
were observed between GI starches and GII starches. The distribution profile of KDGI 
starches exhibited a significant decrease in DP6 (t-test, p < 0.001) and increase in DP 8-12 
and DP 16-35 compared to the KDGII starches (Fig. 5a). Similarly, amfGI starches showed a 
significant lower proportion of DP6 (t-test, p < 0.001) and a higher proportion of DP 8-29 
compared to amfGII starches (Fig. 5b).
FIGURE 5. Characteristics of starch fine structure. Chain length distribution profile with DP 6-35 of debranched 
starches from (a) KD background and (b) amf background. Values are expressed as the mean ± S.E. In each 
background, significant differences between the group with low phosphate content (KDGI and amfGI) and the 
group with high phosphate content (KDGII and amfGII) determined by using t-test (*, p < 0.05, **, p < 0.01 and 
***, p < 0.001).
4
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Modified starches exhibit alterations in starch composition and properties
Amylose content (AM %) was determined for all starches. The results showed that the 
amylose content varies slightly among all KD starches, ranging from 18 to 23% (Table 
1, Supplementary Fig. S2). A strong negative correlation (r = -0.9) was found between 
amylose content and phosphate content in KD starches (Fig. 6, Supplementary Fig. 
S2), indicating that starch phosphate content affects the ratio of amylose/amylopectin 
content in starch. Starch content was not consistently different between transgenic and 
control tubers in both backgrounds (Table 1). The average starch content of UT-KD and 
UT-amf were 19% and 14%, respectively, which was comparable to that of their respective 
transgenic plants. 
The thermal properties of starch granules were studied with DSC. Gelatinization 
temperatures (To, Tp and Tc) significantly increased in starches with low phosphate content 
in both backgrounds (Table 1). The gelatinization enthalpies (ΔH) were lower in KDGI 
starches compared to KDGII and control starches, while it did not significantly differ in 
starches from amf background. Moreover, correlation analyses revealed that To, Tp and Tc 
were negatively correlated (-0.7 ≤ r ≤ -0.5) with starch phosphate content regardless of 
the background, while they were positively correlated (0.4 ≤ r ≤ 0.7) with amylose content 
in the KD background.
TABLE 1. Summary of different starch characteristics determined for the representative modified starches 
in both backgrounds. Six representative starches of each background with low, medium and high level of 
phosphate content are presented. Total phosphate content (P), amylose content (AM), starch content (SC), 
median granule size (d50), starch gelatinization temperature (To, Tp and Tc) and gelatinization enthalpy (ΔH) are 
shown. Data (mean ± S.D.) are the average of two or three independent measurements. Significant differences 
between modified starch and control determined by using t-test (*, p < 0.05; **, p < 0.01 and ***, p < 0.001).
Lines
P 
(nmol/mg)
AM (%) SC (%) d50 (µm) To (°C) Tp (°C) Tc (°C) ΔH (J/g)
UT-KD 26.7 ± 0.6 18.8 ± 0.8 18.8 ± 0.3 17.5 66.6 ± 0.3 70.5 ± 0.3 80.1 ± 0.6 19.9 ± 1.3
KDGI-14 2.1 ± 0.0*** 23.1 ± 0.0***16.6 ± 0.2* 19.8 68.6  ± 0.0*** 71.1 ± 0.0* 81.6 ± 0.0** 16.9 ± 0.4*
KDGI-5 3.1 ± 0.0*** 22.8 ± 0.8***15.4 ± 0.1** 22.8 68.5 ± 0.1*** 71.3 ± 0.4** 81.8 ± 0.1** 14.3 ± 0.1***
KDGI-1 13.2 ± 0.0***21.1 ± 0.3** 17.5 ± 0.2* 21.5 67.5 ± 0.3*** 71.7 ± 0.4*** 80.7 ± 0.7 17.0 ± 0.2**
KDGI-25 14.6 ± 0.1***21.1 ± 0.3** 19.6 ± 0.3 19.5 67.0 ± 0.1 71.0 ± 0.2 80.1 ± 0.2 19.8 ± 0.1
KDGII-6 32.1 ± 1.0* 18.7 ± 0.6 10.9 ± 0.3** 25.7 65.3 ± 0.1*** 69.4 ± 0.1*** 77.9 ± 0.1***18.3 ± 0.1
KDGII-17 32.5 ± 1.2* 18.7 ± 0.3 17.1 ± 0.4 24.6 66.5 ± 0.3 70.4 ± 0.1 79.7 ± 0.8 19.2 ± 1.1
UT-amf 16.7 ± 0.3 3.6 ± 0.2 14.3 ± 0.9 12.1 72.3 ± 0.3 76.6 ± 0.3 84.4 ± 0.4 17.2 ± 0.6
amfGI-12 0*** 3.9 ± 0.1 11.2 ± 0.1** 13.1 76.3 ± 0.2*** 80.2 ± 0.1*** 88.8 ± 0.6***17.0 ± 1.5
amfGI-9 4.4 ± 0.5*** 4.6 ± 0.6* 9.6 ± 0.7*** 13.5 75.2 ± 0.1*** 78.8 ± 0.0 *** 87.1 ± 0.4***16.7 ± 0.1
amfGI-28 14.0 ± 0.2***3.8 ± 0.0 11.2 ± 0.5* 13.6 73.6 ± 0.0*** 77.8 ± 0.2** 86.6 ± 0.1***16.8 ± 0.7
amfGII-16 17.4 ± 0.2** 4.2 ± 0.6 9.2 ± 1.1*** 11.4 73.9 ± 0.0*** 78.1 ± 0. 0*** 86.5 ± 0.1***16.9 ± 0.4
amfGII-3 21.5 ± 0.5***3.8 ± 0.0 10.1 ± 0.4** 15.3 73.7 ± 0.2*** 77.9 ± 0.3** 86.1 ± 0.5** 17.3 ± 0.4
amfGII-24 28.4 ± 0.2***4.1 ± 0.1* 13.1 ± 0.3 10.5 72.6 ± 0.0 78.6 ± 0.0*** 87.0 ± 0.1***16.7 ± 0.3
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FIGURE 6. Heat-map displaying the extent and direction of correlations (r) between starch compositional 
characters and starch physico-chemical properties in both KD and amf backgrounds. Correlations were 
statistically significant at r > 0.36 and r < -0.36. Blue colours show negative correlations and red colours show 
positive correlations. AM, amylose content; P, phosphate content; To, Tp and Tc, onset, peak and conclusion 
temperature of gelatinization; ΔH, gelatinization enthalpy.
To examine the effect of phosphate content on freeze-thaw stability of starch gels, 
starches with different levels of phosphate content (listed in Table 1) were selected and 
the syneresis of a 5% starch gel after each of the four freezing and thawing cycles (Fig. 
7) was measured. Low-phosphate starches (KDGI-5 and -14) showed dramatic syneresis 
(more than 70%) after the first cycle and reached nearly to the maximum level. KDGI-
1 and KDGI-25 starches exhibited intermediate freeze–thaw stability in the first two 
cycles, which correlates with the medium level of phosphate content. High-phosphate 
starches (KDGII-6 and -17) and UT-KD displayed much better stability in the first two cycles 
compared to other lines, but did not show differences after 4 cycles. Similar patterns were 
observed in the freeze-thaw stability of starch gels from amf background. The syneresis 
of low-phosphate starches (amfGI-9 and amfGI-12) was 60% after the first cycle and 
raised to 80% with additional cycles, while UT-amf and medium/high-phosphate starches 
(amfGII-16 and -18) showed a lower syneresis (~10%) after the first cycle.
Starch digestibility was determined by measuring the amount of glucose after α-amylase 
and amyloglucosidase treatment. No significant changes were found between starches 
with different phosphate content in both backgrounds (data not shown).
4
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FIGURE 7. Freeze–thaw stability of starches from (a) KD and (b) amf background. The percentage of 
syneresis (the amount of water as a proportion of the initial sample weight) is shown at each cycle of freeze–
thaw. L, M and H stand for low-, medium- and high-phosphate content in starches. The measurements are 
performed in triplicates and data are presented as mean ± S.D.
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The expression of genes involved in starch metabolism and sugar-starch conversion 
is altered in KD transformants
To gain better insights into the effect of GWD1 expression on starch granule formation and 
starch metabolism, transformants with low and high GWD1 expression from each genetic 
background were subjected to RNA-seq analysis. Based on RNA-seq results, a range of 
differential expressed genes involved in starch metabolic pathways were selected and 
further investigated on more transformants using qRT-PCR analyses. We choose twelve 
transformants from each background, including six transformants with low-phosphate 
starches and six transformants with high-phosphate starches to examine the expression 
level of selected genes. Interestingly, the results showed that modulation of GWD1 
expression affected the expression of various genes in the KD background, including SP, 
SSII, SSIII, SBEII, SUSY4, AGPase, GPT2 and INV, but did not influence the expression of GPT1, 
GBSSI, FK, AMY1, AMY2 and BAM. Changes in expression of all examined genes in amf 
transformants relative to control plants were much smaller than in KD background and 
not statistically significant (data not shown).
As shown in Fig. 8a, SUSY4 was strongly downregulated in KDGI transformants, whereas 
KDGII transformants showed up to 3-fold increase in SUSY4 expression relative to the 
control. The expression of GPT2 in KDGI transformants decreased to 40% of that in 
the control line, while it increased up to 12-fold in KDGII transformants. Likewise, the 
expression level of INV decreased at least by half in KDGI transformants compared to the 
control, whereas the expression increased 11-fold in KDGII transformants. Moreover, the 
expression of SBEII, SSII and SSIII exhibited a significant decrease in KDGI transformants 
relative to control. Taken together, modulation of GWD1 expression in potato tubers 
affects the expression of key genes participating in starch metabolism and sugar-starch 
conversion (Fig. 8b).
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FIGURE 8. Effects of GWD1 expression on starch metabolism in the KD background. (a) Expression of key genes 
involved in starch metabolism in tubers. Include: starch synthases (SSII and SSIII), starch branching gene (SBEII), ADP-
glucose pyrophosphorylase (AGPase), Glc6P/phosphate translocator (GPT2), sucrose synthase 4 (SUSY4), invertase 
(INV) and starch phosphorylase (SP). Six transformants of each group, KDGI and KDGII, were selected and subjected to 
qRT-PCR analysis. Columns are arranged in ascending order of starch phosphate content of transformants. The values 
are expressed as the mean ± SD. Significant differences were determined by using t-test (*, p < 0.05; **, p < 0.01 and 
***, p < 0.001). (b) Schematic illustration of starch metabolism in potato tubers. The average gene expression in 
transgenic tubers from KDGI and KDGII group is shown as false-colour box in the pathway, respectively. The values in 
red and green indicate log2 fold change in the average gene expression. 
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Discussion
This study was initiated to increase the phosphate content of potato starch by 
overexpressing GWD1. Interestingly, we observed a broad range of phosphate contents 
in the starches of the transformants. Further analyses revealed a positive correlation 
between starch phosphate content and GWD1 expression levels, showing that the 
variation in starch phosphate content was a direct consequence of changes in GWD1 
expression. The drastic decrease in GWD1 expression is likely due to the co-suppression of 
the transgene and endogenous GWD1 gene, based on the fact that overexpression of an 
endogenous gene may cause co-suppression, resulting in a null phenotype, as was shown 
originally with petunia flowers colour gene (Napoli et al., 1990; van der Krol et al., 1990). It 
has been reported that overexpression of granule-bound starch synthase (GBSS) resulted 
in co-suppression of this gene in potato transformants (Flipse et al., 1996b).
Phosphate esters may act as identifiers of amylose and amylopectin
Granule morphology analyses showed severely fissured granules in KD starches 
containing low phosphate content, indicating that the organization of the granule matrix 
was disrupted. Similar morphological disturbances were observed in starches obtained 
from lines with suppressed soluble starch synthase (Craig et al., 1998; Edwards et al., 1999; 
Fulton et al., 2002; Lloyd et al., 1999). These authors suggested that the observed fractures 
might be caused by direct amylose–amylopectin interactions, which lead ultimately to 
disruption of the granule matrix. In this study, fissures occurred in KD starch granules 
with extremely low phosphate content (less than 10 nmol/mg starch), while fissures 
were eliminated in starch granules with phosphate content higher than ~15 nmol/mg 
starch. These results imply that a sufficient amount of phosphate content is important 
for a normal granule packing in the amylose-containing potato starches and the minimal 
amount could be 15 nmol phosphate /mg starch. On the other hand, no fissured granules 
were observed in the amf starches regardless of the amount of starch phosphate content. 
Taken together, we propose that a sufficient amount of phosphate esters existed in 
amylopectin which may act as identifiers to distinguish amylopectin chains from amylose 
chains, which prevents the erroneous interactions between amylose and amylopectin 
segments and keeps the normal assembly of starch granules. This model confirms the 
hypothesis proposed by Blennow et al. (2002 & 2003).
Starch phosphorylation affects starch synthesis in potato tuber
It has been reported that starch is in a continual state of carbon flux during tuber 
development, which is continuously both synthesized and degraded, thus the net gain 
or loss of starch is a result of the balance between synthetic and degradative enzymes 
4
81Starch phosphorylation affects starch biosynthesis
(Isherwoo, 1973; Lewis et al., 1994). In this study, one would expect the increase in starch 
content of mature tubers with suppressed GWD1, as GWD1 was proven to participate in 
starch degradation. However, no significant effect on starch content was detected. This 
implies that the reduction in starch degradation might be accompanied by a reduction in 
starch synthesis, leading ultimately to no changes in starch content of tubers. A previous 
study on Arabidopsis has also demonstrated that the reduction of starch degradation by 
GWD1 suppression inhibited starch synthesis in leaves (Skeffington et al., 2014). Overall, 
we reason that starch phosphorylation might stimulate not only starch degradation but 
also starch synthesis in potato tubers.
Our view is further supported by the observation that various genes involved in pathways 
of starch synthesis and sucrose-starch conversion were down regulated in lines with 
suppressed GWD1. For instance, SUSY4 expression was strongly down-regulated in 
these lines, indicating a reduction of sink strength in tubers. Correspondingly, GPT2 
expression was also down-regulated, suggesting a limited supply of Gluc-6P from cytosol 
to amyloplast. These alterations could conceivably lead to a decrease in flux from cytosol 
to amyloplast for starch synthesis, and this might also be the reason for the suppression of 
starch-synthesizing genes such as SBEII, SSII and SSIII. Collectively, we propose that starch 
phosphorylation regulates starch synthesis by controlling the carbon flux into starch 
while simultaneously modulating starch-synthesizing genes.
Effects of phosphate on starch composition and properties 
Through the exhaustive characterization of transgenic series from two genetic 
backgrounds, strong correlations between phosphate content and starch compositional 
characters, such as amylose content and starch fine structure have been established. 
These results demonstrate the crucial role of GWD1 in starch granule formation and 
starch synthesis, which further supplements the findings of Vikso-Nielsen et al. (2001) and 
substantiates the effects of phosphate content on amylose content and starch structure. 
These alterations could be a combined effect of the changes in SBEII, SSII and SSIII 
expression. In previous studies it has been shown that the inhibition of these genes either 
individually or in combinations result in changes in amylose content and chain length 
distribution of amylopectin (Abel et al., 1996; Edwards et al., 1999; Edwards et al., 1995; 
Jobling et al., 1999; Lloyd et al., 1999; Marshall et al., 1996). On the other hand, altered 
GWD1 expression levels did not influence the distribution of glucan chains on the granule 
surfaces. This result differs from the observation obtained in transitory starches, showing 
that short glucan chain residues are located at the granule surface in Arabidopsis thaliana 
with reduced GWD1 activity (Mahlow et al., 2014). This suggests that GWD1 might play 
different roles in transitory starch and storage starch during starch biosynthesis.
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Negative correlations were observed between starch phosphate content and gelatinization 
temperatures in both backgrounds (Table 1, Fig. 6), indicating that lack of phosphate 
content leads to starch with a higher crystallinity. This supports the molecular model 
proposed by Blennow and Engelsen (2010), who suggested that phosphate esters disrupt 
double helix conformation thereby preventing optimal crystalline packing. Moreover, no 
correlation between phosphate content and gelatinization enthalpy was observed in the 
amf background, indicating that phosphate esters do not affect gelatinization enthalpy 
of starch. The positive correlation between these two observed in the KD background is 
likely an indirect effect caused by the suboptimal crystalline structure resulting from the 
loss of phosphate content or/and alterations in starch fine structure.
The freeze-thaw stability of starch was found to correlate with the phosphate content in 
starch, as the syneresis of starch gels increases with a lower starch phosphate content, 
which is in line with previous studies showing that phosphate groups contribute to 
the freeze-thaw stability (Bindzus et al., 2002; Nierle, 1990; Swinkels, 1985; Waliszewski 
et al., 2003). No changes in starch digestibility was observed between starches from 
tranformants and control plants, which could be a combined effect of changes in starch 
phosphate content, granule surface characteristics, fine structure of amylopectin and 
amylose content. These factors have been proven to affect the susceptibility of starches 
to enzymatic breakdown, leading to the changes in starch digestibility (Dhital et al., 2010; 
Hoover, 2001; Noda et al., 2008; Singh et al., 2010). 4
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Supplementary data 
FIGURE S1. Schematic representation of pUC19/SBD2 vector. SBD, Linker, Amp and Ter stand for starch 
binding domain of cyclodextrin glycosyltransferase from B. circulans, an artificial PT-linker, ampicillin resistant 
gene and terminator, respectively. To generate this construct, a sequence encoding the potato GBSSI promoter 
and part of GBSSI transit peptide (HindIII - HindIII) was amplified from the construct pBIN19/SBD2 (Ji et al., 2004) 
with primers 5’-CCAAGCTTAATACTAAAAAATGCAACAAAAT-3’ and  5’-CCAAGCTTGTTAACAGCCCTTAAACCAT-3’ 
and inserted into the corresponding sites of the pUC19 vector. The orientation of the HindIII - HindIII fragment 
was verified by sequencing. Subsequently, the sequence containing a SBD2 fragment and a part of GBSSI transit 
peptide (HpaI - BamHI) was amplified from pBIN19/SBD2 with primers 5’- 
CGTTAACAAGCTTGATGGGCTCCAATCAAGAACT-3’ and 5’-CGGGATCCGCCAAAACAGCCAAGCTTATG-3’, followed 
by cloning into corresponding sites of pUC19.
FIGURE S2. Plot of amylose content versus the phosphate content in starches from KD background. 
Correlation coefficient (r) is indicated.
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Abstract
Starch phosphate esters influence physiochemical properties of starch granules that 
are essential both for starch metabolism and industrial use of starches. Potato starches 
have considerably higher phosphate content than cereal starches, providing improved 
functionalities for a wide range of applications. To modify properties of potato starch 
and understand the effect of starch phosphorylation on starch metabolism in storage 
starch, the starch dikinases from Arabidopsis thaliana, glucan water dikinase 2 and 3 
(AtGWD2 and AtGWD3), were heterologous expressed in potato tubers from two genetic 
backgrounds: the amylose-containing clone Kardal and the amylose-free mutant amf. 
Modified starches showed altered granule morphology, but no significant changes in 
starch phosphate content were observed. Genes involved in starch metabolism did not 
show altered expression in the transgenic lines relatively to the control; however, sucrose 
synthase 4 (SUSY4) was upregulated in transgenic tubers with AtGWD2 expression. Taken 
together, these results demonstrated that expression of AtGWD2 and AtGWD3 are not 
suitable for engineering starch with a high phosphate content in storage organs where 
they are normally not expressed.
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Introduction
Starch is the primary energy reserve in higher plants and the most important resource 
for animal and human energy intake. Starch granules are mainly composed of amylose 
(~25%) and amylopectin (~75%) regardless of botanic origin and synthesized in plastids 
as two main types, transitory and storage starch. Transitory starch is produced in 
chloroplasts during daytime photosynthesis and remobilized into sugars for respiration 
and growth at night (Zeeman et al., 2007b). Storage starch is accumulated in amyloplasts 
of heterotrophic organs (e.g. potato tubers, cereal seeds and cassava roots) and when 
required by the plant, hydrolysed to support phases of growth (Xu et al., 2014).
In the past decades, substantial progress has been made to elucidate the metabolism 
of transitory starch by using the model plant Arabidopsis thaliana. A breakthrough came 
with the discovery of the essential role of starch phosphorylation in starch metabolism. 
It has been shown that phosphate groups are built into the starch granules during starch 
biosynthesis for an efficient and accurate granule packing and physical amorphisation 
prior to degradation (Blennow, 2015). The presence of phosphate groups leads to a 
local structural disturbance within the starch granule and by that facilitates the access 
of degrading enzymes and promote starch degradation. Phosphate groups are found 
attached to amylopectin chains at both C-6 (~60%) and C-3 (~30%) positions of the 
glucose residue (Baysmidt et al., 1994; Hizukuri et al., 1970). Two enzymes are responsible 
for this process, namely, glucan, water dikinase (GWD1) and phosphoglucan, water 
dikinase (GWD3).
GWD1 was proven to phosphorylate glucose residues exclusively at the C-6 position (Ritte 
et al., 2006), while GWD3 phosphorylate glucose residues exclusively at the C-3 position 
with substrate specificity requirements for pre-phosphorylated starch (Baunsgaard et 
al., 2005; Kotting et al., 2005). GWD3 was first discovered in Arabidopsis thaliana and 
named AtGWD3. Very recently, GWD3 was also isolated and identified in potato, and 
named StGWD3. This gene has 58.6 % identity and 75.3 % similarity to AtGWD3 (Fig. 1, 
(Orzechowski et al., 2013). Additionally, a third glucan, water dikinase termed AtGWD2 
was also first discovered in Arabidopsis thaliana and identified as an active cytosolic 
isoform of GWD1 due to the absence of transit peptide (Fig. 1, (Glaring et al., 2007). This 
gene is able to phosphorylate α-glucans in vitro and does not require pre-phosphorylation 
of substrate. Analysis of mutants suggested that AtGWD2 is not directly involved in 
transitory starch degradation. So far, only GWD1 has been extensively studied in various 
crops (e.g. rice, maize, wheat, barley and potato), where much attention has been focused 
on the manipulation of gene expression or expression of orthologous gene to modify 
phosphate content in starch granules or investigate the effect of starch phosphorylation 
in plant primary metabolism (Carciofi et al., 2011; Lanahan and Basu, 2004; Lorberth et al., 
1998; Schewe et al., 2002).
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The importance of starch phosphorylation is not limited to the relevance of starch 
metabolism in plant survival, but also due to its positive impact on the starch functionality. 
Unlike cereal starch, potato starch contains high phosphate content conferring a high 
swelling capacity to starch gels, which is desired in many industrial processes (Jobling, 2004; 
Vikso-Nielsen et al., 2001). In industry, starch is often chemically or physically modified to 
gain such properties; however, these modifications are expensive and frequently produce 
hazardous waste. Therefore producing starches with enhanced properties in planta is 
needed to fully meet urgent demands for environmentally friendly starch production. To 
achieve this, a comprehensive understanding of starch phosphorylation is fundamental. 
To date, however, the role and molecular mechanism of starch phosphorylation are 
unclear in commercially important storage starches.
FIGURE 1. Schematic comparison of the domain structure of GWDs from Arabidopsis thaliana (At) and 
potato (St). TP, PHH and NB stand for transit peptide, phosphohistidine domain and nucleotide binding domain, 
respectively.
To explore the mechanism of starch phosphorylation in storage starch and produce 
starch with altered properties in planta, starch phosphorylating enzymes from Arabidopsis 
thaliana glucan water dikinase 2 and 3 (AtGWD2 and AtGWD3) were introduced into two 
potato genetic backgrounds, Kardal and amf mutants, respectively. The effects on starch 
phosphate content, granule morphology, properties and starch metabolism pathway 
have been examined and are discussed.
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Materials and methods
Phylogenetic analysis
Phylogenetic analysis was performed according to the procedure used by Baunsgaard et 
al. (2005); Glaring et al. (2007) with modifications. The tree was expanded by including all 
available GWDs sequences from GenBank. The alignment of sequences was created using 
MUSCLE method in MEGA6 based on the nucleotide binding domain of AtGWD3 (amino 
acids 1006-1194), and then submitted to the Minimum Evolution method (Rzhetsky 
and Nei, 1992) to generate the tree. The bootstrap consensus tree inferred from 1000 
replicates was chosen to represent the evolutionary history of GWDs. GenBank accession 
numbers of each sequence are provided in Table 1.
TABLE 1. GenBank accession numbers of GWDs sequence used in phylogenetic analysis.
Species
GWD1 GWD2 GWD3
GenBank accession no.
Arabidopsis thaliana (At) NP563877 AAO42141 AY747068
Arabis alpina KFK26410.1
Brachypodium distachyon KQJ94575.1 KQK18354.1 KQK19799.1
Brassica napus XP_013737454.1
Brassica oleracea var. oleracea XP_013608682.1
Brassica rapa XP_009111699.1
Camelina sativa XP_010493901.1
Capsella rubella EOA19824.1
Chlamydomonas reinhardtii XP_001700833.1 XP_001690609.1* XP_001697099.1
Citrus reticulata AAM18228
Citrus sinensis XP_006483916.1 XP_006468769.1 XP_006493516.1
Cryptosporidium parvum XP_626438.1
Eutrema salsugineum ESQ32164.1*
Glycine max XP_006602393.1 XP_006578296.1* XP_006589801.2
Gossypium arboreum KHF99077.1
Gossypium raimondii XP_012454921.1
Hordeum vulgare CAX51385.1 CAX51386.1* CAX51387.1*
Kalanchoe fedtschenkoi AIR93787.1
Lysopersicon esculentum ACG69788.1
Manihot esculenta AFO83529.1 AFO83530.1 AFO83531.1
Medicago sativa CAE84830
Medicago truncatula  XP_013453267.1
Micromonas pusilla XP_003058487.1
Micromonas sp. XP_002509308.1
Nelumbo nucifera BAK09334.1*
Neospora caninum CEL69439.1
Ostreococcus tauri XP_003080650.1* XP_003080699.1*
Oryza sativa AK103463  XP_015620009.1
Physcomitrella patens EDQ82900.1
Populus euphratica XP_011045278.1 XP_011016992.1 XP_011000022.1
5
91Expression of arabidopsis starch dikinases 
Species
GWD1 GWD2 GWD3
GenBank accession no.
Solanum tuberosum (St) Q9AWA5 ACZ66259.1
Tarenaya hassleriana  XP_010546804.1
Theobroma cacao EOY05043.1
Toxoplasma gondii CEL77021.1
Triticum aestivum CAC22583
Vitis vinifera XP_010651715.1 XP_010664437.1* XP_002265211.1
Zea mays AY109804* XP_008662597.1*
* Sequence was not included in tree construction due to the poor quality or lack of nucleotide binding domain.
Plasmid construction
Two constructs, pBIN19/GWD2 and pBIN19/GWD3, were made for ectopic expression of 
glucan, water dikinase 2 (AtGWD2, GenBank: AAO42141) and glucan, water dikinase 3 
(AtGWD3, GenBank: AY747068) in potato, respectively. All constructs were fully sequenced 
to verify their correctness. The construct pBIN19/SBD previous reported (Ji et al., 2003) 
was modified by adding an XbaI site to generate pBIN19/SBD-XbaI in order to clone each 
of the two GWD genes (Supplementary Fig. S1).
For the assembly of the pBIN19/GWD2 construct, the AtGWD2 encoding fragment was 
generated by PCR amplification with the primers 5’- TGCTCTAGAGCA GACTACAAAGAC-
GATGACGATAAAACTAGTATGGCAACCTCTAAAT-3’ (FLAG-encoding sequence under-
lined) and 5’- GCGTCGACGTTCAGTGGTGGTGGTGGTGGTGCTCGAGAACTTGGGGTC-
TAGCT-3’ (HIS-encoding sequence underlined), which contained XbaI and SalI sites at 5’ 
ends, respectively (in bold). This amplified fragment, containing an N-terminal FLAG tag, 
AtGWD2 and a C-terminal HIS tag, was cloned into the same restriction sites of pBIN19/
SBD-XbaI, generating the pBIN19/GWD2 plasmid. Construct pBIN19/GWD3 was obtained 
using the same procedure. A fragment containing FLAG tag, tGWD3 and a HIS tag was 
amplified by PCR amplification with the primers 5’- TGCTCTAGAGCAGACGATAAAAC-
TAGTATGGAGAGCATTGGCAGCCATTGT-3’ (FLAG-encoding sequence underlined) and 
5’- GCGTCGACGT TCAGTGGTGGTGGTGGTGGTGCAGAGGTTGTGGCCTTGACTGAAC-3’ (HIS-
encoding sequence underlined) (Fig. 2).
FIGURE 2. Schematic depiction of the constructs pBIN19/GWD2 and pBIN19/GWD3. AtGWD2 and AtGWD3 
were cloned in frame with GBSSI transit peptide to allow amyloplast targeting and were driven by GBSSI 
promoter for tuber expression. RB and LB stand for right and left borders, respectively. Kan and 3’NOS stand for 
kanamycin resistant gene and NOS terminator, respectively. The arrow represents cleavage site of the transit 
peptide. FLAG and HIS are two tags for protein quantification and XbaI and SalI are restriction enzymes.
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Transformation and regeneration
Constructs were introduced into both amylose-containing (Kardal) and amylose-free 
(amf) potato genetic backgrounds via Agrobacterium. Four transgenic series KDG2, 
KDG3, amfG2 and amfG3 were yielded in which G2, G3, KD and amf represent AtGWD2, 
AtGWD3, Kardal and amf background, respectively. Thirty independent transgenic plants 
of each series as well as control plants (untransformed plants and transformed plants 
with empty vector) were multiplied to five plants and grown in the greenhouse under 
standard conditions, 16 h light at 20ºC and 8 h dark at 18ºC. Mature tubers were harvested 
at the end of the life-cycle. No differences were detected between untransformed lines 
and transformed plantlets with empty vector, therefore they were further referred to as 
control or UT.
Starch isolation
Tubers from five plants from the same clone were pooled together to minimize individual 
variation, and starch isolation was performed according to the procedure described in 
Huang et al. (2013).
Analysis of starch characteristics
All analyses conducted for starch characteristics have been performed in duplicate unless 
indicated otherwise.
Starch chain length distribution (CLD) was determined by using high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAC) according 
to the method of Huang et al. (2013).
Particle size distribution was measured with a Coulter Multisizer II (Beckman-Coulter, UK) 
equipped with a 200-µm aperture tube. Ten mg of starch samples were suspended in a 
particle-free electrolyte (ISOTON® II, Beckman-Coulter, UK), and then analysed by counting 
50,000 particles with coincidence factor set at 10%. Significant differences in particle size 
were assessed by one-way general analysis of variance (one-way ANOVA) using GenStat 
(16th edition). The least significant difference values were calculated at 5% probability.
Starches were stained with 20×diluted Lugol’s solution (1 % I2/KI) and then investigated 
with light microscopy (LM, Axiophot, Germany). The detailed morphology on the granule 
surface was examined using scanning electron microscopy (SEM) PhenomTM (FEI, The 
Netherlands). One mg of starch samples were evenly distributed on a carbon tabs (Agar 
Scientific, UK) and mounted onto 12.70 mm aluminium specimen stubs (Agar Scientific, 
UK), followed by coating with gold using a sputter coater (EMITECH K550X; Quorum 
Technologies, UK). All images were digitally recorded.
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Gelatinization properties of starches were analysed by Differential Scanning Calorimetry 
(DSC), with Perkin-Elmer Pyris 6 (Perkin-Elmer, The Netherlands). The starch samples 
were adjusted to 80% moisture content in a stainless-steel pan by adding an appropriate 
amount of water according to the dry matter content of the starch samples. The pan was 
hermetically sealed followed by equilibration of the starch samples and the water at room 
temperature overnight. The samples were scanned in the temperature range from 40 °C 
to 100 °C at a rate of 10 °C/min, using an empty pan as the reference. The onset (To), peak 
(Tp) and conclusion (Tc) temperature of gelatinization and the melting enthalpy (ΔH, J/g) 
were determined.
The apparent amylose content was performed according to the procedure described in 
Hovenkamp-Hermelink et al. (1988).
Total phosphate content in the starch was determined according to the method described 
by Morrison (1964) with some modifications. Twenty mg of dry starch were suspended in 
250 µl of 70% (w/w) HClO4 and completely charred at 250 °C for 25 min. The solution was 
clarified by adding 50 µl 30% (w/v) H2O2 and gently boiled for 2 min. After cooling to the 
room temperature, water was added to a final volume of 2 ml and 100 µl of the sample 
was transferred into a 96-well microtiter plate, followed by adding 200 µl of colour reagent 
[0.75% (w/v) (NH4)6Mo7O24.4H2O, 3% (w/v) FeSO4.7H2O and 0.75% (w/v) SDS dissolved in 
0.375 M H2SO4]. Absorbance at 750 nm was then measured in a Model 680 XR Microplate 
Reader (Bio-Rad, US), and compared to the absorption of a calibration curve to calculate 
the concentration in nmol PO4/mg starch.
Quantitative RT-PCR (qRT-PCR) analysis
Total RNA was extracted from potato tuber samples according to Kuipers et al. (1994) 
and reverse transcribed using the iScript cDNA synthesis kit from BioRad. Transcription 
levels of all target genes were determined in triplicate using the comparative Ct method 
(Livak and Schmittgen, 2001) and expressed relative to elongation factor EF1α (Nicot et al., 
2005). The gene specific primers used in this study are listed in Supplementary Table S1.
The expression level of AtGWD2 and AtGWD3 was determined for all transformants and 
control plants. The relative expression level of target genes was multiplied by a factor of 
106 and then converted to log 10. The resulting value (v) was used to divide tranformants 
to different categories: undetectable (N, v = 0), low (L, 0 < v < 2), medium (M, 2≤ v < 3) and 
high (H, v ≥ 3) expressors.
Five or six high-expressors from each series and a few randomly picked control lines were 
further subjected to qRT-PCR for investigating the expression of key genes involved in 
starch metabolism. These genes were sucrose synthase (SUSY4), potato glucan water 
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dikinase (StGWD1), potato phosphoglucan water dikinase (StGWD3), starch phosphatase 
(SEX4, LSF1 and LSF2), granule-bound starch synthase I (GBSSI), starch synthase III (SSIII), 
ADP-glucose pyrophosphorylase (AGPase), UDP-glucose pyrophosphorylase (UGPase), 
β-amylase (BAM), starch branching genes (SBEI and SBEII) and starch phosphorylase (SP). 
Results
GWDs are found in a wide range of organisms
As there has been a continuous release of genome and transcriptome sequences in the last 
decade, previous phylogenetic analyses of GWDs (Glaring et al., 2007) was updated with 
sequences newly retrieved from GenBank databases. An extensive search was performed 
and a total of 48 sequences were obtained to construct the phylogenetic tree. The 
current tree included six and thirteen additional orthologues of AtGWD1 and AtGWD3, 
respectively, compared with the previous result (Glaring et al., 2007). Contrary to the 
widespread occurrence of GWD1 and GWD3, only a total of eight putative orthologues of 
AtGWD2 were found in higher plants and algae. Four sequences were excluded from the 
analysis due to the poor quality or lack of nucleotide binding domain, while another four 
sequences were used to construct the phylogenetic tree including three newly identified 
genes from Brachypodium distachyon, Manihot esculenta and Populous euphratica.
The tree was constructed using the Minimum Evolution method based on the highly 
conserved C-terminal ATP-binding domain of GWDs protein sequences. As shown in 
Fig. 3, two main clades of GWDs could be identified. One clade constituted a cluster 
with AtGWD1 and orthologues from other higher plants, the apicomplexan parasites 
and green algae, while another clade comprised the AtGWD3 and putative orthologues. 
Four representatives of GWD2 formed a group closely related to the GWD1 sequences, 
whereas the one from Brachypodium distachyon was classified into the clade of GWD1 and 
shown to be more closely related to GWD1 from cereal grasses.
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FIGURE 3. Bootstrap consensus tree (1000 replicates) of the nucleotide binding domain of GWD sequences 
from various organisms. Sequences were retrieved from GenBank and through BLAST, aligned and analysed in 
MEGA6. GWDs from Arabidopsis thaliana (AtGWD1, AtGWD2 and AtGWD3) and potato (StGWD1 and StGWD3) 
are indicated in bold. Bootstrap values greater than 50 are indicated at the branch points. Accession numbers are 
provided in Table 1. 
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Transformants show different expression levels
Four transgenic series KDG2, KDG3, amfG2 and amfG3 were generated by introducing 
two constructs into potato genetic backgrounds, KD and amf. Thirty independent lines 
from each transgenic series and their respective controls were grown in the greenhouse 
until maturity. Plant architecture, tuber morphology and yield of transgenic lines were 
comparable to that of control plants (data not shown).
The expression of transgenes was analysed by qRT-PCR analyses. The transformants 
of each transgenic series were divided into 4 classes based on the expression level of 
each transgene: N, L, M and H represent undetectable (or none), low, medium and high 
expressors, respectively (Fig. 4). Generally, more transformants were classified as the M- 
and H- expressors regardless of constructs and backgrounds. To illustrate, 54% and 21% of 
KDG2 transformants exhibited medium and high expression, respectively, while the same 
amount of amfG2 transformants (42%) were categorized as M- and H-expressors. The 
M- and H-expressors represented 30 and 48%, respectively, of the KDG3 transformants, 
whereas the corresponding figures were 42 and 26% for amfG3 series. No L-expressors 
were observed in KDG3 or amfG2 series. 
FIGURE 4. Distribution of the individual transformants over the classes of transgenes expression. N, L, M 
and H stand for undetectable, low, medium and high expressors.
Phosphate content is unaffected in modified starches
Starch phosphate content was measured for all modified starches and their respective 
controls. As shown in Fig. 5, modified starches showed substantial variation in phosphate 
content. The phosphate content of KDG2 and KDG3 starches ranged, respectively, 
from 27 to 38 nmol/mg starch and 26 to 35 nmol/mg starch. Two starches from amfG2 
transformants showed dramatically lower level of starch phosphate content (< 10 nmol/
mg starch) compared to the control starch (20 nmol/mg starch), which could be explained 
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by the co-suppression of StGWD1. ANOVA analyses were performed to investigate the 
significance of changes in phosphate content and two starches with extremely low 
phosphate content from amfG2 series were excluded from these analyses. No significant 
changes in starch phosphate content from each series were found compared to the controls.
FIGURE 5. Box-plot representing the phosphate content of starches from all transformants in both 
genetic backgrounds and respective untransformed controls (UT-KD and UT-amf). Boxes in the plot include 
values in the 25%–75% interval, internal lines represent the median, black circles indicate outliers and bars 
represent extremes.
Granule morphology and size are altered in modified starches
To investigate whether the expression of AtGWD2 and AtGWD3 affects the morphology 
of starch granules, granule morphology was examined using light microscopy (LM) and 
electron scanning microscopy (SEM). Light microscopy analysis showed that the shape of 
starch granules from both KDG2 and KDG3 tranformants was irregular (Fig. 6D and G) in 
contrast to the regular oval shape observed in the UT-KD (Fig. 6A). Further analyses with 
SEM revealed that KDG2 and KDG3 starch granules have  bumps on the surface (Fig. 6E, 
F, H and I), while the surface of starch granule from UT-KD was uniformly smooth (Fig. 
6B and C). In the amf background, the control starch exhibited regular round-shaped 
granules (Fig. 6G-I). Starch granules from amfG2 transformants displayed helical shell 
structure occurring mostly with cracks and craters (Fig. 6J-L), whereas those from amfG3 
transformants showed an elongated shape with craters on the surface of the granule (Fig. 
6P-R). 
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FIGURE 6. Granule morphology of starches from transformants and controls. Light microscopy (LM) and 
scanning electron microscopy (SEM) of starch granule morphology from UT-KD (A, B and C), KDG2 (D, E and F), 
KDG3 (G, H and I), UT-amf (J, K and L), amfG2 (M, N and O) and amfG3 (P, Q and R). Starch granules were stained 
with a 20× diluted Lugol solution for light microscopy.
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The number of altered granules was recorded by counting 100 starch granules in 
triplicate for selected transformants with different levels of transgene expression. Starch 
granules with altered morphology were observed for KD transformants at all levels of 
gene expression. About 70% and 47% of starch granules showed altered morphology in 
H-expressors from KDG2 and KDG3, respectively, which was markedly higher than those 
observed in L- and M-expressors (Fig. 7a). In the amf background, altered granules from 
both amfG2 and amfG3 series were mainly found in the H-expressors at a frequency of 
21% and 54%, respectively (Fig. 7a).
Granule size distribution analysis was performed for all modified starches and their 
respective controls. The results showed that the median granule size of both KDG2 and 
KDG3 starches ranged from 18 to 26 µm, while that of control starches was about 19 
µm. Statistical analysis revealed that the granule size of KDG2 and KDG3 starches was 
significantly increased compared to that of control starch (p < 0.05, Fig. 7b). In amfG2 and 
amfG3 no significant change in the granule size was observed relative to the control (Fig. 
7b). 
FIGURE 7. (a) Percentage of granules with altered morphology in transformants with different gene expression 
level: low (L), medium (M) and high (H). A population of 100 starch granules was counted in triplicate. The values 
are expressed as the mean ± SD. (b) Boxplot presenting median granule size (d50) of modified starches and 
controls. Analyses were performed on all starches, which are 32, 32, 27 and 28 lines for KDG2, KDG3, amfG2 and 
amfG3 series, respectively. Boxes in the plot include values in the 25%–75% interval. Internal lines, unfilled circles 
and bars represent the median, outliers and extremes, respectively. Statistical significance was analysed using 
t-test(*, p <0.05).
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Neither starch fine structure nor properties were altered
The chain length distribution of starches was determined after debranching starches 
with isoamylase by using HPAEC-PAC. No significant changes were detected in modified 
starches compared with the control starches in both backgrounds (data not shown). 
Moreover, amylose content and gelatinization properties did not show significant 
differences between modified starches and control starches (Table 2), indicating that 
expression of AtGWD2 and AtGWD3 does not influence these starch properties in neither 
KD nor amf background.
TABLE 2. Overview of characteristics determined for the representative starches in both backgrounds. 
Representative starches with different expression level in each series and respective control are presented. 
Clone Class P (nmol/mg) AM (%) d50 (µm) To (°C) Tc (°C) ΔH (J/g)
UT-KD - 32.8 ± 0.8 19.0 ± 0.6 19.1 66.5 ± 0.3 79.9 ± 0.6 19.6 ± 1.3
KDG2-24 N 32.8 ± 0.2 18.8 ± 1.0 21.0 66.7 ± 0.2 80.1 ± 0.5 18.8 ± 1.2
KDG2-25 L 33.7 ± 0.1 18.6 ± 1.1 24.4 66.8 ± 0.5 79.1 ± 0.7 18.3 ± 0.3
KDG2-15 M 29.4 ± 0.4 18.1 ± 0.9 21.4 65.8 ± 0.2 79.9 ± 0.2 20.0 ± 0.1
KDG2-23 H 30.9 ± 0.3 18.2 ± 1.0 20.0 67.0 ± 0.0 80.5 ± 0.0 18.4 ± 0.4
KDG3-28 N 33.8 ± 0.4 18.7 ± 0.3 22.0 66.5 ± 0.1 79.6 ± 0.2 17.7 ± 0.0
KDG3-25 M 32.3 ± 0.6 18.6 ± 0.3 24.2 67.7 ± 0.2 81.6 ± 0.7 19.2 ± 0.7
KDG3-06 H 31.0 ± 0.2 18.5 ± 0.1 21.0 67.0 ± 0.2 80.0 ± 0.5 18.4 ± 1.1
UT-amf - 19.7 ± 0.4 3.2 ± 0.4 12.0 73.1 ± 0.1 84.7 ± 0.1 16.0 ± 0.2
amfG2-02 N 19.2 ± 0.1 3.5 ± 0.2 13.1 72.7 ± 0.3 84.8 ± 0.2 15.8 ± 0.4
amfG2-05 M 19.6 ± 0.2 4.2 ± 0.4 12.8 73.2 ± 0.2 86.1 ± 0.1 16.4 ± 0.5
amfG2-23 H 22.4 ± 0.2 3.7 ± 0.0 12.2 72.9 ± 0.1 86.4 ± 0.3 16.2 ± 0.4
amfG3-08 N 20.5 ± 0.1 3.5 ± 0.2 11.1 73.7 ± 0.5 86.1 ± 0.2 16.2 ± 0.1
amfG3-25 L 18.6 ± 0.0 3.2 ± 0.5 14.9 72.2 ± 0.3 85.4 ± 0.1 16.4 ± 0.0
amfG3-10 M 19.0 ± 0.3 4.1 ± 0.4 11.5 72.9 ± 0.0 85.9 ± 0.5 15.7 ± 0.4
amfG3-24 H 21.0 ± 0.0 3.1 ± 0.0 11.7 73.8 ± 0.1 86.2 ± 0.3 16.4 ± 0.2
Data (mean ± S.D.) are the average of two or three independent measurements. P, total phosphate content; 
AM, apparent amylose content; d50, median granule size; To and Tc, starch gelatinization temperature; ΔH, 
gelatinization enthalpy.
SUSY4 was up-regulated in transformants carrying the AtGWD2 gene
To investigate whether expression of AtGWD2 and AtGWD3 affects the expression of key 
genes involved in the starch metabolism, qRT-PCR analysis was performed with the high-
expressors and a few random lines from each transgenic series. The results showed that 
the expression of SUSY4 was substantially upregulated in AtGWD2 transgenic tubers in 
both backgrounds (Fig. 8a and b), whereas no significant differences were found in the 
expression level of StGWD1, StGWD3, LSF1, LSF2, SEX4, GBSSI, SSIII, AGPase, UGPase, BAM, 
SBEI, SBEII and SP regardless of constructs and backgrounds (Fig. 8a-d). 
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FIGURE 8. The expression of genes encoding key enzymes involved in starch metabolism in the high-
expressors of (a) KDG2, (b) amfG2, (c) KDG3 and (d) amfG3 transgenic series. Following genes were 
investigated: sucrose synthase 4 (SUSY4), glucan, water-dikinase 1 and 3 (StGWD1 and StGWD3), starch 
phosphatase (LSF1, LSF2 and SEX4), granule-bound starch synthase I (GBSSI), starch synthase (SSIII), ADP-glucose 
pyrophosphorylase (AGPase), UDP-glucose pyrophosphorylase (UGPase), β-amylase (BAM), starch branching 
genes (SBEI and SBEII), starch phosphorylase (SP). The expression of target genes was expressed relative to the 
expression of elongation factor EF1α. Data (means ± SD of three technical replicates) are expressed as the mean 
fold change relative to the control.
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Discussion
A new phylogenetic tree has been constructed including 28 new GWDs, comprising 
all identified homologues of GWDs up to now. GWD2 and GWD3 were found in a wide 
range of organisms, while GWD2 was identified in very few higher plants, corroborating 
previous reports (Baunsgaard et al., 2005; Glaring et al., 2007). Unlike previously described 
(Glaring et al., 2007), GWD2 is not exclusive to dicots but also present in monocots, such 
as Brachypodium distachyon and Hordeum vulgare (Blennow et al., 2013; Radchuk et al., 
2009; Tanackovic et al., 2014b). This result confirmed the assumption that the duplication 
of GWD occurred before divergence of monocots and dicots. Moreover, the study on 
AtGWD2 null mutants revealed that plant growth or the level of starch and sugar was 
comparable to the wild type (Glaring et al., 2007), indicating that this gene has little or 
no effects on plant survival and development. It has been shown that the biological (ir)
relevance of a gene is correlated with their loss during evolution (Krylov et al., 2003). 
Together these considerations make it tempting to speculate that GWD2 might have 
been lost in most of higher plants during the course of evolution, and this might explain 
the restricted occurrence of GWD2.
AtGWD2 was demonstrate to exhibit 50% homology to GWD1 and phosphorylate 
C-6 position on elongated amylopectin chains in vitro as has been observed for both 
AtGWD1 and StGWD1 (Glaring et al., 2007). Unlike GWD1, it locates in companion cells 
of the phloem rather than chloroplast due to the lack of the transit peptide. In our study, 
AtGWD2 was targeted into amyloplast using GBSSI transit peptide and can thereby be 
expected to serve as an equivalent enzyme of GWD1. However, expression of this gene 
into potato tuber did not lead to an increase in phosphate content of tuber starch. In fact, 
the function of AtGWD2 has not yet been elucidated in vivo. In Arabidopsis thaliana, the 
target for the action of AtGWD2 was speculated to be the starch granules in the plastids of 
phloem sieve elements. These sieve element starches have been shown to have a different 
structure from ordinary starches (Palevitz and Newcomb, 1970), and the environment 
in the plastids of arabidopsis phloem sieve elements might be distinct from that in the 
potato amyloplast (e.g. pH, salt concentrations, etc.). Hence, one possible explanation for 
the no further phosphorylation of starch could be that the substrate and/or environment 
was not amenable for AtGWD2 activity in potato amyloplast. 
On the other hand, assuming that AtGWD2 is capable of phosphorylating potato starch 
during starch synthesis, the question remains as to whether it is possible to increase the 
phosphate content of potato starch without changes in starch molecular structure. It 
has been shown that potato tuber starches are already highly phosphorylated (up to 33 
nmol/mg) compared with transitory and cereal endosperm starches (less than 1 nmol/
mg) (Baunsgaard et al., 2005; Blennow, 2015). To date, potato starches with increased 
phosphate content have been attained as a side effect due to altered amylopectin 
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structure or decreased amylose content. It is likely that there are limiting factors for the 
incorporation of phosphate groups in starch rather than the phosphorylating enzyme 
itself. Therefore, the measured phosphate content might be the maximum amount 
achievable in potato starch, which could possibly explain why transformants with AtGWD2 
expression do not lead to increase in starch phosphate content. We suggest that a further 
increase in phosphate content is only possible when more places are available to deposit 
phosphate groups in the starch granules resulting from a change in the starch molecular 
structure. A similar phenomenon has been observed in earlier studies, demonstrating 
that introduction of additional copies of the granule-bound starch synthase (GBSS) gene 
into potato plants did not increase amylose content above the wild-type level (Flipse et 
al., 1994; Flipse et al., 1996a). The authors reasoned that the restricted amount of amylose 
content was due to the limited space existed to deposit amylose molecules in starch 
granules.
Similar to the results observed in the AtGWD2 transformants, AtGWD3 transformants did 
not show significant change in the phosphate content of tuber starches. The explanations 
provided above may also apply in this case. It is worth noting that higher starch phosphate 
content has been obtained in Arabidopsis thaliana by overexpression AtGWD3 (Frohberg 
et al., 2013), however, transitory starches, the substrate for AtGWD3, are considerably 
different from storage starches, such as amylose/amylopectin ratio, size and chemical 
structure of both these components.
The granule morphology was altered in modified starches compared to the control (Fig. 
6). This is likely due to the presence of the newly introduced proteins in granules during 
starch synthesis, interfering with lateral interactions of amylopectin side chains and 
thereby interrupting the optimal crystalline packing of starch granules. This phenomenon 
has been observed in previous studies by introducing granule-bound proteins into 
amyloplasts (chapter 3, 4 and 5) (Firouzabadi et al., 2007; Huang et al., 2013; Huang et al., 
2014). The larger granules observed in KD modified starches may be partly attributed to 
the irregular geometrical shape of the granules.
The expression of key genes involved in the starch metabolism pathway generally did not 
show significant alterations in any of the transgenic series, except for SUSY4. In AtGWD2 
transformants in both backgrounds, SUSY4 expression had a substantial increase (Fig. 8a 
and b); however, we cannot find a conclusive explanation so far. An early study has shown 
that SUSY4 is a major determinant of tuber sink strength and the suppression of this gene 
leads to an inhibition of starch accumulation in potato tubers (Zrenner et al., 1995). In 
Chapter 4, the inhibition of GWD1 expression led to the downregulation of a series of 
key genes including SUSY4, thus we hypothesized that starch phosphorylation affects 
starch metabolism partly by regulating the flux into the amyloplast. Further experiments 
are needed to examine if the expression of AtGWD2 directly or indirectly triggers such 
regulation in potato tuber.
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Supplementary data
FIGURE S1. Schematic representation of pBIN19/SBD-XbaI vector. This construct was modified based on 
pBIN19/SBD (Ji et al., 2003) by adding an XbaI restriction site. RB and LB represent right and left borders, 
respectively. SBD, Kan and 3’NOS stand for starch binding domain of cyclodextrin glycosyltransferase from 
Bacillus circulans, kanamycin resistant gene and NOS terminator, respectively. NcoI, SalI and XbaI are restriction 
enzymes. 
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Abstract 
Starch structure strongly influences starch physicochemical properties, determining 
the end uses of starch in various applications. To produce starches with novel 
structure and exploit the mechanism of starch granule formation, an (engineered) 4, 
6-α-glucanotransferase (GTFB) from Lactobacillus reuteri 121 was introduced into two 
potato genetic backgrounds: amylose-containing line Kardal and amylose-free mutant 
amf. The resulting starches showed severe changes in granule morphology regardless 
of genetic backgrounds. Modified starches from amf background exhibited a significant 
increase in granule size and starch phosphate content relative to the control, while starches 
from Kardal background displayed a higher digestibility, but did not show changes in 
granule size and phosphate content. Transcriptome analysis revealed the existence of 
a mechanism to restore the regular packing of double helices in starch granules, which 
possibly resulted in the removal of novel glucose chains potentially introduced by the 
(engineered) GTFB. This amendment mechanics would also explain the difficulties to 
detect alterations in starch fine structure in the transgenic lines.
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Introduction
Starch, the most important source of calories in human diet, is the major storage 
carbohydrate in various photosynthetic tissues and storage organs. Starches from different 
botanic origins vary in granule shape and size, starch composition and structure as well as 
their properties. Notwithstanding these differences, the composition of native starches is 
universally composed of amylopectin (70-80%) and amylose (20-30%) with some minor 
components such as lipids and proteins (reviewed in (Xu et al., 2014)). Amylose is mostly a 
linear molecule formed by a-1,4-linked glucose residues and less than 1% α -1,6 branching 
points, whereas amylopectin is a highly branched molecule with 4-5% α -1,6 linkages. 
These two components are packed in ordered arrays within the granule, giving rise to 
alternating semicrystalline and amorphous growth rings (Jenkins et al., 1993a). However, 
mechanisms underlying starch granule formation remain unclear, especially in storage 
starches.
Over the past decade, in planta production of starches with novel properties using genetic 
modification has attracted particular attention, as it potentially generates environmental 
and economic benefits and broadens starch end-uses in industrial applications (Kaur 
et al., 2012; Moire et al., 2003; Snell et al., 2015). Many studies focused on the alteration 
in starch structure due to its great effect on starch properties, such as gelatinization 
properties, swelling power, pasting properties (Fredriksson et al., 1998; Jane et al., 1999; 
Tan and Halley, 2014). Efforts have been made to introduce changes in amylopectin 
fine structure by modulating endogenous gene expression in different species (Blauth 
et al., 2002; Katayama et al., 2002; Safford et al., 1998b; Satoh et al., 2003; Umemoto et 
al., 2002). For instance, simultaneous downregulation of two starch synthases (SSII and 
SSIII) in potato resulted in enrichment in shorter chains and a depletion in longer chains 
of amylopectin, which ultimately affects starch gelatinization temperature and viscosity 
(Edwards et al., 1999). Moreover, downregulation of three starch synthases (GBSSI, SSII and 
SSIII) generated an amylose-free starch with short-chain amylopectin, which showed high 
freeze-thaw stability (Jobling et al., 2002). On the other hand, expression of heterologous 
genes in potato has proven to have great potential to modify starches in planta (Xu et 
al., 2014). These genes may have properties that are slightly different from their plant 
counterparts and thus create different or novel phenotypes. An example of this is the 
study carried out by Kortstee et al. (1996) in which Escherichia coli glycogen branching 
enzyme has been introduced in amylose-free potato mutant, resulting in 25% higher 
branching degree of amylopectin.
A 4,6-α-glucanotransferase from Lactobacillus reuteri 121 (GTFB) is a novel enzyme that 
can convert starch or starch hydrolysates into isomalto/maltopolysaccharides (IMMPs) 
(Dobruchowska et al., 2012). This enzyme can transfer the non-reducing glucose moiety 
of an α-1,4 glucan chain to the non-reducing end of another α -glucan through α-1,6 
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linkages, generating a linear chain with α-1,6 linkages (Bai et al., 2015; Leemhuis et al., 
2014). This specific activity makes GTFB an interesting target enzyme for producing novel 
starches in planta.
In this study, GTFB either alone or fused to a starch-binding domain (SBD) has been 
introduced into amylose-containing (Kardal) and amylose-free mutant (amf) potato 
genetic backgrounds. The effects of the (engineered) GTFB on starch characteristics and 
starch biosynthetic pathway are presented and discussed. 
Materials and methods
Construction of plasmids
GTFB was amplified from genomic DNA of Lactobacillus reuteri 121 with the forward 
primer F (5´–ATGGAACTCAAAAAACATTTTAAGC–3´) paired with the reverse primer R (5´–
TTAGTTGTTAAAGTTTAATGAAATTG–3´). Two constructs were made in this study (Fig. 1). 
One construct, pBIN19/GB, was used for the expression of GTFB; another construct, pBIN19/
SGB, was used for the expression of fusion protein, in which GTFB was fused in-frame to 
the starch-binding domain (SBD) of Bacillus circulans cyclodextrin glycosyltransferase at 
the carboxyl terminus.
FIGURE 1. Schematic depiction of two different binary vector constructs (a) pBIN19/GB and (b) pBIN19/
SGB. Genes were cloned in frame with GBSSI transit peptide to allow amyloplast targeting and were driven by 
the potato GBSSI promoter for tuber expression. RB and LB represent right and left borders, respectively. SBD, LK, 
Kan and 3’NOS stand for starch binding domain of cyclodextrin glycosyltransferase from Bacillus circulans, linker, 
kanamycin resistant gene and NOS terminator, respectively. SalI, HpaI, NcoI and XbaI are restriction enzymes.
The pBIN19/GB plasmid was constructed by using the amplified fragment to substitute 
the SBD2 fragment in the pBIN19/SBD2-XbaI vector (Supplementary Fig. S1). The fragment 
consisted of two parts: a part of transit peptide and full-length GTFB gene. To generate this 
fragment, two starting fragments with overlapping ends were amplified with the forward 
primer TP-F (5´–ATAGTTAACAAGCTTGATGGGCTCCAATC–3´) paired with the reverse 
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primer TP-R (5´–CTTAAAATGTTTTTTGAGTTCCATGGTACAAACAATGGTAGCTGAG–3´), 
and forward primer GB-F (5´-AGCTACCATTGTTTGTACCATGGAACTCAAAAAACATTTTA-
AGC–3´) paired with the reverse primer GB-R (5´–CTTCTAGATTAGTTGTTAAAGTTTAAT-
GAAATTGCAG–3´). These PCR products were mixed in a final PCR reaction to generate the 
full-length fragment with primers TP-F and GB-R. The resulting fragment was digested 
with Hpal and XbaI and ligated sequentially into pBIN19/SBD2-XbaI to generate pBIN19/
GB (Fig. 1a).
To generate the pBIN19/SGB plasmid, a GTFB-encoding fragment was obtained by PCR 
amplification with the primers 5´–GCGTCGACATGGAACTCAAAAAA–3´ and 5´–CTAGTC-
TAGATTAGTTGTTAAAGTTTAATGAAATT–3´, which contained SalI and XbaI sites at their 
5' ends, respectively. This amplified GTFB fragment was digested with SalI and XbaI and 
ligated into pBIN19/SBD2-XbaI vector, generating the pBIN19/SGB construct (Fig. 1b).
Transformation and regeneration
Four-week-old shoots from amylose-containing potato (cv. Kardal, tetraploid) and amylose-
free mutant (amf, diploid) were used for Agrobacterium-mediated transformation (Visser 
et al., 1991). In this study, transgenic plants were labelled KDGBxx, KDSGBxx, amfGBxx 
and amfSGBxx in which KD and amf represent Kardal and amf background, GB and SGB 
stand for GTFB and SBD-GTFB, respectively, xx represents the number of the transgenic 
line. Transgenic shoots were selected on a rooting medium containing kanamycin at 
concentrations of 100 mg/L, followed by PCR-based selection using primers specific for 
the kanamycin resistance gene (NPTII) and the target gene (GTFB). Ultimately, 32, 27, 28 
and 19 independent plantlets from KDGB, KDSGB, amfGB and amfSGB series, respectively, 
were generated. Five clones of each line were multiplied by culturing nodal explants 
according to the procedure described in (Visser et al., 1991). These transformants as well 
as control plants (untransformed plants and transformed plants with empty vector) were 
further grown in the greenhouse under standard greenhouse conditions (16 h light at 
20ºC and 8 h dark at 18 ºC) to generate mature tubers. No differences were detected 
between untransformed lines and transformed plantlets with empty vector, and they are 
further referred to as controls (UT-KD and UT-amf).
Starch isolation
To minimize individual variation, tubers from five plants from the same clone were pooled 
together, and starch isolation was performed according to the procedure described in 
(Huang et al., 2013).
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Western dot blot analysis 
Fifty mg of starch were heated at 100°C for 5 min with 400 µl of a 2 × SDS sample buffer 
containing 5% β-mercaptoethanol (Laemmli, 1970). After cooling to room temperature, 
the supernatant was transferred to a 96-well format dot-blot manifold (Schleicher & 
Schuell, Keene, NH). The dot-blot manifold was connected to a water pump, and a vacuum 
was applied for 5 min until all samples were impacted on the nitrocellulose membrane 
(Bio-rad). 
The dot blots were blocked overnight at 4°C in Tris-buffered saline (TBS is 20 mM Tris, 
500 mM Nacl pH 7.5) with 0.1% Tween-20 (TBST) containing 5% (w/v) dry powdered non-
fat milk. Membranes were then incubated for 2 h at room temperature with a 1:1000 
dilution of the anti-SBD antibody (Ji et al., 2003) in 3% non-fat milk in TBST, followed by 5 
rinses in TBST. The membrane was then incubated with a 1:5000 dilution of horse radish-
peroxidase-conjugated anti-(rabbit IgG) (Cat # A0545, Sigma) in TBST buffer with 3% (w/v) 
of non-fat milk for 1 h at room temperature. After rinsing 5 times in TBST, the protein was 
detected with a West Femto supersignal (Cat # 34094, Thermo Scientific).
Analysis of starch characteristics
All analyses conducted in this study have been performed in duplicate unless indicated 
otherwise.
Particle size distribution and gelatinization properties of starches were analysed with 
Coulter Multisizer II (Beckman-Coulter, UK) and Differential Scanning Calorimetry (DSC), 
respectively. Samples were analysed according to the procedure used by Ji et al. (2004).
Amylopectin chain length distribution was determined by using high-performance 
anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAC). 
Degree of polymerisation (DP) 6 - 35 were separated according to the method described 
in Huang et al. (2013). To detect linear α-1, 6 chains in starch structure, 5 mg of starch was 
suspended in 250 µl of DMSO and gelatinized for 15 min at 99ºC. After cooling down, 745 
µl of NaAc buffer (100 mM, pH 5.6) was added, followed by incubation with a sufficient 
amount of dextranase (Sigma) overnight at 50˚C. The resulting products were analysed 
using HPAEC-PAC.
The apparent amylose content was performed according to the procedure described in 
Hovenkamp-Hermelink et al. (1988).
Starch content was determined as described by Kok-Jacon et al. (2005a).
Total phosphate content in the starch was determined essentially according to the 
method of Morrison (1964) with some modifications. About 20 mg of dry starch were 
suspended in 250 µl of 70% (w/w) HClO4 and completely charred at 250 °C for 25 min. 
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The solution was clarified by adding 50 µl 30% (w/v) H2O2 and gently boiled for 2 min. 
Once the solution had cooled, water was added to a final volume of 2 ml and 100 µl of 
the sample was transferred into a 96-well microtiter plate, followed by adding 200 µl of 
colour reagent [0.75% (w/v) (NH4)6Mo7O24•4H2O, 3% (w/v) FeSO4•7H2O and 0.75% (w/v) 
SDS dissolved in 0.375 M H2SO4]. Absorbance at 750 nm was then measured in a Model 
680 XR Microplate Reader (Bio-Rad, US), and compared to the absorption of a calibration 
curve to calculate the concentration in nmol PO4/mg starch.
Starch digestibility was determined essentially according to the method of Warren et 
al. (2015) with some modifications. Fifty milligrams of starch was suspended in 4.95 mL 
of acetate buffer (0.2  M, pH 6, containing 200  mM CaCl2  and 0.5  mM MgCl2), followed 
by incubation with 50µl enzyme solution containing 10 U α-amylase (porcine pancreas, 
Sigma) and 5.6 U amyloglucosidase (Aspergillus niger, Megazyme) for 2h at 37 °C. Aliquots 
(200 μL) were centrifuged and subjected to HPAEC-PAC. The amount of glucose was 
calculated and presented as microgram per 1 mg dry starch.
RNA isolation and quantitative RT-PCR (qRT-PCR) analysis
Mature tubers were sampled from five plants from the same clone. Samples were frozen in 
liquid N2 and stored in -80ºC freezer for RNA isolation. Total RNA was extracted from potato 
tuber samples according to Kuipers et al. (1994). cDNA was synthesized from 1 μg of total 
RNA, previously treated with RNase-free DNase I (Invitrogen), by using the iScriptTM cDNA 
Synthesis Kit (Bio-Rad). Quantitative real time PCR (qRT-PCR) was performed using CFX96 
Real-Time PCR machine (BioRad). The total volume of each reaction was 10 µl, containing 
50 ng cDNA, 3 µM of each gene-specific primer, and 5 µl SYBR Green Supermix Reagent 
(BioRad). All reactions were carried out in triplicate using the following thermal cycling 
conditions: 3 min of denaturation at 95°C, followed by 45 cycles (15 s at 95°C, 60 s at 
60°C). The elongation factor 1-α gene (EF1α) was used as the reference to normalize gene 
expression across the samples because it was reported to be relatively stable in expression 
(Nicot et al., 2005). Target genes were expressed relative to ef1α using the comparative Ct 
method (Livak and Schmittgen, 2001). Gene-specific primers were designed with Primer-
3-Plus software (Untergasser et al., 2007b) and are listed in Supplementary Table S1.
Expression level of (engineered) GTFB from all transformants was determined. The relative 
expression level of target genes was multiplied by a factor of 104 (for KDSGB and amfSGB 
series) or 105 (for KDGB and amfGB series) and then converted to log 10. Ultimately, the 
resulted value (v) was used to divide transformants to different categories: undetectable 
(N, v = 0), low (L, 0 < v < 2), medium (M, 2 ≤ v < 2.5) and high (H, v ≥ 2.5) expressors.
Three or four H-expressors from each series were used for investigating expression of key 
genes involved in starch metabolism. These genes were glucan water-dikinase (GWD1), 
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starch phosphorylase (SP), isoamylase genes (ISA1, ISA2 and ISA3), starch branching 
genes (SBEI and SBEII), starch synthase (SSIII), β-amylase (BAM) and ADP-glucose 
pyrophosphorylase (AGPase). The gene specific primers used in this study are listed in 
Supplementary Table S1.
Statistical analysis
Significant differences between modified starches and control samples in the present 
study were assessed by one-way analysis of variance (ANOVA). The least significant 
difference values were calculated at 1% or 5% probability.
Results 
(Engineered) GTFB is expressed in transformants 
Two constructs were introduced into two potato genetic backgrounds, KD and amf, 
respectively. None of transgenic lines showed significant phenotypic differences in the 
above ground nor underground tissues relative to control plants.
For KDSGB series, qRT-PCR and Western dot blot analysis were performed on all 
transformants to examine SBD-GTFB expression level and the protein abundance in starch 
granules, respectively. The results showed that the dot intensity, which corresponds 
to the protein amount, was well correlated with the gene expression level (Fig. 2a). 
For this reason, and also because no antibody is available for the detection of GTFB, 
transformants from other series were only investigated using qRT-PCR for gene detection 
and quantification (Fig. 2b).
Based on the transcript level, transformants from each series were grouped into four 
classes respectively: undetectable (N), low (L), medium (M) and high (H) expressors. 
Several H-expressors from each transgenic series were selected for further detailed 
description. From the KDGB series, KDGB20, KDGB26 and KDGB33 were selected, and 
KDSGB3, KDSGB7, KDSGB16 and KDSGB24 were selected from the KDSGB series. In the 
amf background, amfGB22, amfGB24, amfGB25, amfSGB1, amfSGB4, amfSGB12 and 
amfSGB18 were selected for further characterization. As expected, no (engineered) GTFB 
expression was detected in the UT-KD and UT-amf lines (data not shown). 
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FIGURE 2. Different levels of gene expression in transgenic lines. (a) Protein accumulation level and gene 
expression level in KDSGB transformants. The protein accumulation and gene expression level were determined 
using Western dot blot with an anti-SBD antibody and qRT-PCR analysis, respectively. The number above each 
dot stands for the different line, while UT represents the control. The intensity of the dots shows the various 
protein levels. The qRT-PCR analysis was performed in triplicate for each line and the relative expression level of 
target genes was transformed as described in the Materials and Methods. The resulting value (v) was used to 
divide transformants to different categories: undetectable (N, v = 0), low (L, 0 < v < 2), medium (M, 2≤ v < 2.5) and 
high (H, v ≥ 2.5) expressors. (b) Distribution of the individual transformants over the classes of gene expression 
level in KDGB, amfGB and amfSGB transgenic series. SGB and GB represent SBD-GTFB fusion protein and GTFB 
alone, respectively. KD stands for the Kardal background, while amf stands for the amf background. The striped 
columns indicate the lines selected for further characterization.
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Starch granule morphology is altered in transformants
Light microscopy (LM) and scanning electron microscopy (SEM) were used to investigate 
the morphology of starch granules. As shown in Fig. 3, starch granule morphology was 
affected by the expression of the (engineered) GTFB in both genetic backgrounds. In 
the KD background, starch granules with bumpy and irregular shape were observed in 
starches from KDGB (Fig. 3E, F, G and H) and KDSGB transformants (Fig. 3I, J, K and L), while 
UT-KD granules showed a regular rounded form and smooth surface (Fig. 3A, C and D). 
The growth rings in starch granules of the transformants exhibited much less concentric 
and regular patterns than those of the UT-KD (Fig. 3B, F and J); in particular, multiple 
initiation sites were observed in some starch granules (Fig. 3F). In some of the KDSGB 
starches craters were observed in the surface of the starch granules (Fig. 3L).
In the amf background, amfGB starches exhibited irregular round-shaped granules (Fig. 
3Q and S), and some of these granules showed blister-like spots protruding from the 
surface (Fig. 3T). The shape of amfSGB starches granule was comparable to the control 
(Fig. 3U and W), however, granules were pitted with individual pores with varying size 
and depth (Fig. 3X) rather than the smooth surface observed in the control (Fig. 3P). 
These pores were only present on the granule surface and did not penetrate through the 
whole granule. Moreover, growth rings in starch granules from both amfGB and amfSGB 
transformants were also not distributed as evenly as in the control UT-amf (Fig. 3R and V), 
as observed in the KD background.
To examine whether the expression level of the transgene affects the percentage of 
altered granules, we counted a population of 100 granules in triplicate for starches from 
transgenic lines that belonged to different expression classes. As shown in Fig. 3b, the 
highest numbers of altered starch granules were observed in the H-expressors from 
each series. In particular, ~80% of starch granules showed morphological alteration in 
H-expressors (KDSGB3 and amfSGB18) from both KDSGB and amfSGB series. For the 
N-expressors, the frequency of altered starch granules was less than 8% in all series. Overall, 
a positive correlation was found between transgene expression and the percentage of 
altered granules regardless of the construct and background used.
116
6
Chapter 6
FIGURE 3. Granule morphology of starches from transformants and controls. (a) Light microscopy (LM) and 
scanning electron microscopy (SEM) of starch granule morphology from UT-KD (A, B, C and D), KDGB33 (E, F, G 
and H), KDSGB3 (I, J, K and L) UT-amf (M, N, O and P), amfGB24 (Q, R, S and T) and amfSGB18 (U, V, W and X). Starch 
granules were stained with a 20× diluted Lugol solution for light microscopy. 
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FIGURE 3 Continued. Granule morphology of starches from transformants and controls. (b) Percentage of 
granules with altered morphology for the various classes of gene expression level: not detected (N), low (L), 
medium (M) and high (H). GB and SGB are abbreviations for GTFB and SBD-GTFB, respectively. A population of 
100 starch granules was counted in triplicate. The values are expressed as the mean ± SD from three independent 
counts.
Modified starches from the amf background have bigger granules and higher 
phosphate content 
Granule size distribution was analysed for all starches from transformants and control 
plants. The results showed that starches from amfSGB series had significantly larger 
granules than the control (Fig. 4a, ANOVA, p < 0.01). As shown in Fig. 4b, starch granule 
size increased up to two fold in H-expressors relative to the control. By contrast, no 
significant differences were found between starch granule size of transformants and that 
of the control in the KD background (Fig. 4a).
In the amf background, modified starches showed a significant increase in phosphate 
content (ANOVA, p < 0.01), as the average amount in each series was ~19% higher than 
that of the control (Fig. 5a). As shown in Fig. 5b, the phosphate content of starches from 
H-expressors was significantly increased (t-test, p < 0.01 or 0.001) relative to that of the 
control line regardless of constructs. On the other hand, starches from KD background did 
not exhibit a significant difference in phosphate content between each transgenic series 
and the control (Fig. 5a). No consistent changes was found in starch phosphate content 
between H-expressors and the control line (Fig. 5b).
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FIGURE 4. Starch granule size of starches from transgenic lines and control lines. (a) Boxplot presenting 
median granule size of modified starches and their respective controls. The measurements were performed on 
all transformants except N-expressors (lines with undetectable expression of target gene), which are 31, 23, 25 
and 17 lines for KDGB, KDSGB, amfGB and amfSGB series, respectively. Boxes in the plot include values in the 
25%–75% interval. Internal lines, filled circles, unfilled circles and bars represent the median, the mean, outliers 
and extremes, respectively. Statistical significance was analysed using one-way ANOVA. Different letters indicate 
statistically significant differences between means at p < 0.01. (b) Average particle size distribution of starches 
from amfSGB H-expressors (lines with high expression of target gene) and the control UT-amf. Each starch 
sample was analysed in duplicate. 
6
119Expression of 4,6-α-glucanotransferase affects starch characteristics
FIGURE 5. Phosphate content in starches from transgenic lines and control lines. (a) Boxplot presenting 
phosphate content in modified starches and their respective controls (UT-KD and UT-amf). The measurements 
were performed on starches from all transformants except N-expressors (lines with undetectable expression of 
target gene), which are 31, 23, 25 and 17 lines for KDGB, KDSGB, amfGB and amfSGB series, respectively. Boxes in 
the plot include values in the 25%–75% interval. Internal lines, filled circles, unfilled circles and bars represent the 
median, the mean, outliers and extremes, respectively. Statistical significance was analysed using one-way ANOVA. 
Different letters indicate statistically significant differences between means at p < 0.01. (b) Phosphate content in 
starches of H-expressors (lines with high expression of target gene) from each transgenic series and control lines. 
Columns represent mean ± SD from three independent measurements. Statistical significances between each 
starch sample and the control determined by using t-test (*, p < 0.1; **, p < 0.01; ***, p < 0.001).
Amylose content and gelatinization properties were determined for all starches from 
transformants and their respective control. As presented in Table 1, generally, no significant 
differences were observed in these characteristics between modified starches and control 
starches (t-test). These results indicated that expression of the (engineered) GTFB does not 
affect these starch properties in both background.
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Chain length distributions of starches, after complete debranching with isoamylase, 
were analysed using HPAEC-PAC. The results did not show significant changes in both 
backgrounds (data not shown). To detect the presence of linear α-1, 6 chains in starch 
structure, starches were treated with dextranase and the amount of glucose and isomaltose 
were measured. No significant differences could be detected between products obtained 
from modified starches and control starches in both backgrounds (data not shown).
TABLE 1. Overview of characteristics determined for the starches from H-expressors and controls in both 
backgrounds.
Clone P (nmol/mg) AM (%) d50 (µm) To (°C) Tc (°C) ΔH (J/g)
UT-KD 26.7 ± 0.6 18.3 ± 0.3 17.5 ± 0.2 66.9 ± 0.2 77.4 ± 0.2 16.5 ± 0.1
KDGB20 28.4 ± 0.0** 19.4 ± 0.2* 23.2 ± 2.5 65.9 ± 0.3 75.6 ± 0.4* 16.6 ± 0.3
KDGB26 29.8 ± 2.0*** 19.8 ± 0.0* 21.8 ± 2.1 65.9 ± 0.4 74.3 ± 0.5* 14.4 ± 0.5*
KDGB33 25.0 ± 0.4* 19.5 ± 0.2* 19.0 ± 0.7 66.1 ± 0.3 76.0 ± 0.4 15.3 ± 0.3*
KDSGB3 27.4 ± 0.1 19.1 ± 0.1 17.7 ± 0.7 66.1 ± 0.1 75.2 ± 0.3* 16.7 ± 0.7
KDSGB7 26.0 ± 0.2 20.0 ± 0.3* 22.0 ± 0.6** 65.7 ± 0.4 74.4 ± 0.2** 16.0 ± 0.2
KDSGB16 22.4 ± 0.1*** 18.5 ± 0.1 18.7 ± 0.5 66.1 ± 0.1* 75.6 ± 0.5 14.6 ± 0.2**
KDSGB24 28.6 ± 0.1** 19.2 ± 0.3 18.1 ± 0.5 66.3 ± 0.4 76.1 ± 0.2* 16.0 ± 0.2
UT-amf 17.0 ± 0.4 4.3 ± 0.4 11.8 ± 0.8 73.6 ± 0.1 86.3 ± 0.0 15.6 ± 0.4
amfGB22 23.9 ± 0.1*** 3.5 ± 0.3 13.3 ± 1.0 73.1 ± 0.1 84.7 ± 0.1** 16.0 ± 0.2
amfGB24 21.8 ± 0.2*** 4.1 ± 0.2 14.0 ± 0.6 73.3 ± 0.3 85.2 ± 0.6 16.2 ± 0.7
amfGB25 21.6 ± 0.1*** 4.2 ± 0.1 13.5 ± 0.7 73.7 ± 0.3 86.5 ± 0.6 18.5 ± 0.7*
amfSGB1 20.6 ± 0.0** 4.3 ± 0.2 16.7 ± 0.4* 72.7 ± 0.0** 83.7 ± 0.1** 15.1 ± 0.4
amfSGB4 20.4 ± 0.2** 3.8 ± 0.0 13.6 ± 0.2 73.4 ± 0.1 85.3 ± 0.3 15.0 ± 0.1
amfSGB12 21.6 ± 0.1*** 4.1 ± 0.1 19.7 ± 0.4** 74.0 ± 0.2 86.6 ± 0.3 15.6 ± 0.3
amfSGB18 23.4 ± 0.5*** 4.1 ± 0.0 26.7 ± 2.0* 74.5 ± 0.1* 86.4 ± 0.3 16.4 ± 0.1
Data (mean ± S.D.) are the average of two or three independent measurements. P, total phosphate content; 
AM, apparent amylose content; d50, median granule size; To and Tc, starch gelatinization temperature; ΔH, 
gelatinization enthalpy. Statistical significances between each starch sample and the control determined by 
using t-test (*, p < 0.1; **, p < 0.01; ***, p < 0.001).
Modified starches from the KD background exhibit a higher digestibility
To investigate whether the starch digestibility was affected by the introduction of the 
(engineered) GTFB, starches from all transformants and corresponding controls were 
treated with α-amylase and amyloglucosidase, and the amount of released glucose was 
measured. Overall, a significant difference in the glucose release was observed only for the 
starches from the KD background relative to the control UT-KD (ANOVA, p < 0.05), whereas 
no changes were found between starches from the amf background and the control UT-
amf. As shown in Fig. 6a, for the KDGB starches, the amount of released glucose ranged 
from 19 to 29 µg/mg starch, and the average value (~23 µg/mg starch) was significantly 
higher than that of UT-KD (~19 µg/mg starch). Moreover, ~19% and ~44% more glucose, 
in average, was released from KDSGB starches than from KDGB starches and the control, 
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respectively. Starch samples of H-expressors from KD background released significantly 
higher amount of glucose compared to the control UT-KD (t-test, p < 0.05, 0.01 or 0.001), 
whereas there was no consistent differences in glucose release between starches from 
H-expressors and control in amf background (Fig. 6b). Collectively, these results indicated 
that modified starches from KD background are more susceptible to degrading enzymes 
than the control.
FIGURE 6. Starch digestibility analysis of starches from transformants and control lines. (a) Boxplot presenting 
the amount of glucose released from modified starches and their respective controls (UT-KD and UT-amf). Each starch 
sample was treated with α-amylase and amyloglucosidase and measured glucose amount in duplicate. The 
measurements were performed on starches from all transformants except N-expressors (lines with undetectable 
expression of target gene), which are 31, 23, 25 and 17 lines for KDGB, KDSGB, amfGB and amfSGB series, respectively. 
Boxes in the plot include values in the 25%–75% interval. Internal lines, filled circles, unfilled circles and bars represent 
the median, the mean, outliers and extremes, respectively. Statistical significance was analysed using one-way 
ANOVA. Different letters indicate statistically significant differences between means at p < 0.05. (b) The amount of 
glucose released from starches of H-expressors (lines with high expression of target gene) from each transgenic series 
and control lines. Columns represent mean ± SD from two independent measurements. Statistical significances 
between each starch sample and the control determined by using t-test (*, p < 0.1; **, p < 0.01; ***, p < 0.001).
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Genes involved in starch metabolism are up-regulated in transformants
Expression of the (engineered) GTFB in potato leads to alterations in starch granule 
morphology and an increase in granule size and starch phosphate content in amf 
transformants. To better understand these phenomena, the transcripts of key genes 
involved in starch metabolism were further investigate by qRT-PCR in H-expressors 
from each transgenic series and respective control tubers. Generally, regardless of the 
constructs, amf transformants showed a significant increase (ANOVA, p < 0.01 or 0.05) in the 
expression level of glucan, water-dikinase (GWD1), starch phosphorylase (SP), isoamylase 
(ISA1 and ISA2), starch branching enzyme I (SBEI) and starch synthase (SSIII) relative to 
the control, while no significant changes were observed for the other genes, such as 
β-amylase (BAM), isoamylase (ISA3), starch branching enzyme II (SBEII) and ADP-glucose 
pyrophosphorylase (AGPase) (Fig. 7a). Particularly, the up-regulation of gene expression 
was generally higher in SGB transformants than in GB transfomants. For instance, for the 
GWD1 expression in amfSGB15 line showed an 8-fold increase compared to the control, 
while in amfGB24 the expression level was increased 3-fold For the SP expression, 5- and 
2-fold increases were observed in these two lines respectively. On the other hand, in the KD 
background, no significant changes were found in the expression of these genes between 
transformants and the control, except for SP (Fig. 7b). Taken together, introduction of the 
(engineered) GTFB into amf potatoes results in up-regulation of certain genes involved in 
starch metabolism, especially SGB. The same trends were found in KD background but the 
differences were smaller.
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FIGURE 7. The expression level of the genes encoding key enzymes involved in starch metabolism in (a) 
amf and (b) KD potatoes. Include: glucan, water-dikinase (GWD1), starch phosphorylase (SP), isoamylase (ISA1, 
ISA2 and ISA3), starch branching genes (SBEI and SBEII), starch synthase (SSIII), β-amylase (BAM) and ADP-glucose 
pyrophosphorylase (AGPase). Three/Four H-expressors (lines with high expression of target gene) of each series 
and the control lines were selected and subjected to qRT-PCR analysis. Statistical significance was analysed using 
t-test (*P < 0.05; **P < 0.01). The values are expressed as the mean ± SD from three independent measurements.
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Discussion 
In this study, an (engineered) GTFB gene from Lactobacillus reuteri 121 was introduced into 
KD and amf potato plants, aiming to create liner α-1, 6-glycosidic linkages in amylopectin 
chains during starch biosynthesis, thus producing starches with novel structure and 
properties. 
The results presented herein showed that differences in starch structure between 
modified and control starches could not be detected, suggesting that expression of 
the (engineered) GTFB in potatoes either does not introduce new chains with liner α-1, 
6-glycosidic linkages into starches, or these are below detectable levels, or novel chains 
have been identified as an error and removed by endogenous hydrolases. The latter 
explanation is more likely. In other words, (engineered) GTFB could possibly introduce 
novel chains into amylopectin structure, while endogenous enzymes cleave off these 
unusual branches, leading ultimately to no changes in starch structure. Firstly, this is 
supported by the increase in the transcripts of starch-degrading genes (GWD1, ISA1, ISA2 
and SP) and starch-synthesizing genes (SSIII, SBEI and SBEII) in transformants. Particularly, 
previous studies demonstrated that the removal of misplaced branches by ISA1 and 
ISA2 is essential for crystalline amylopectin synthesis (Streb et al., 2008; Wu et al., 2013), 
which can explain the up-regulation in transcripts of these two genes in this study. This 
hypothesis is in line with the model proposed by Huang et al. (2013), who speculated that 
debranching enzymes and β-amylase remove the extra positioned branches introduced 
by E.coli glycogen-branching enzyme. On the other hand, while starch-degrading genes 
remove “error” chains, the transcripts of starch-synthesizing genes are up-regulated, 
thereby stimulating amylopectin synthesis for a regular granule packing.
Secondly, this hypothesis is also supported by the altered starch granule morphology 
from transformants, especially the uneven distribution of the growth rings, which might 
indicate that (engineered) GTFB introduced novel chains at first, thereby affecting the 
process of amylopectin assembly. Taken together, the fact that no detectable changes in 
starch structure via (engineered) GTFB could be observed might be due to the molecular 
regulation existing for starch biosynthesis.
Furthermore, a higher digestibility in modified starches in KD background compared with 
the control has been detected. The increase may be attributed to the irregular bumpy 
surface of starches that provides more surface area for the binding of hydrolytic enzymes 
and ultimately gives rise to more hydrolysis than control starches. This result is consistent 
with data obtained in earlier studies, reporting that starches with a bigger granule size 
and smoother granule surface have lower susceptibility to enzymatic hydrolysis (Capriles 
et al., 2008; Kaur et al., 2007; Lindeboom et al., 2004; Tester et al., 2006).
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On the other hand, microscopy analyses showed varied-sized pores on the surface of 
starch granules from SGB transformants, which can be explained by the specific granule-
binding ability of SGB fusion proteins and the deposition of them on the granule surface. 
The surface-attached proteins might be released later on, consequently generating 
the porous surface. This is further supported by the observation that the percentage of 
altered granules increases in transgenic plants with higher SGB expression (Fig. 3b). This 
result is consistent with previous studies showing that surface pores were visible after 
removing the protein from granule surface in cereals (Kim and Huber, 2008; Naguleswaran 
et al., 2011). Moreover, the presence of amylose might explain the shallower pores in 
KDSGB starches compared to that in amfSGB. Similar observations have been made by 
introducing other granule-bound proteins into potatoes (Firouzabadi et al., 2007; Huang 
et al., 2013; Huang et al., 2014).
In the amf background, an increase in phosphate content of modified starches is likely 
to be a result of the up-regulation in GWD1 expression, which has proven to be mainly 
responsible for the starch phosphate content (Blennow et al., 2002; Lorberth et al., 
1998). In addition, one could expect to observe the differences in starch composition or 
properties because of the changes in granule morphology, granule size and phosphate 
content in modified starches. However, no significant changes in amylose/amylopectin 
ratio, gelatinization temperatures or starch digestibility were detected between modified 
starches and the control starch. This phenomenon can be a consequence of multiple 
combined effects caused by all these alterations, each of which is difficult to quantify. 
In summary, this study gives further insights into the complex functions and interplay 
between starch metabolic enzymes in storage starches, highlighting the molecular 
regulation of amylopectin assembly, and providing a further step toward understanding 
the biosynthesis of storage starches. Further investigation is required to decipher the 
precise mechanism of starch granule formation and to identify determinants that are 
responsible for this process. Ultimately, our results re-inforce the notion that genetic 
modification is not only a powerful tool for uncovering and exploiting starch biogenesis in 
plants, but also an effective and economical manner for tailoring starches with improved 
properties for industry applications like in this case the enhanced release of glucose from 
KD starches.
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Supplementary data
FIGURE S1. Schematic representation of pBIN19/SBD2-XbaI vector. This construct was modified based on 
pBIN19/SBD2 (Ji et al., 2004) by adding an XbaI restriction site. RB and LB represent right and left borders, 
respectively. SBD, LK, Kan and 3’NOS stand for starch binding domain of cyclodextrin glycosyltransferase from B. 
circulans, linker, kanamycin resistant gene and NOS terminator, respectively. HpaI, SalI and XbaI are restriction 
enzymes.
TABLE S1. The qRT-PCR primer sequences of genes of interest and reference gene.
Gene Gene ID Forward primer 5’-3’ Reverse primer 5’-3’ Reference
GWD1 AY027522.1 gggtggtcttttgcgtgatt tgtagcccatgcagtttgca Chen et al. (2012)
BAM XM_006340834.2 cctccttccccactgatctg gaaacgtcggtgattcctgc Chen et al. (2012)
AGPase X55155 gctgggacccgactttatcc cgggaatgtcaatcagacgat Muller-Rober et al. (1990)
SP X52385 caggaaccagatgctgctctt catagccccatgctgggtagt Zhang et al. (2013)
ISA1 102577466 ggcaaatggagaggacaaca atgggaacaccttgggaaac Bustos et al. (2004b)
ISA2 102577931 ttatccttccgccacctc cttcaactggagttcccttct Bustos et al. (2004b)
ISA3 102577824 gacgcttgcccttcattc ctcctgtgcggttcttctgt Ferreira (2011)
SBEI 102596498 ccgagccccacgaatctat ggctcagagctgctcatgc Safford et al. (1998a)
SBEII 102590711 actcgcaactgatgtggatg ggcattccgctaacatcttc Jobling et al. (1999)
SSSIII 102577674 cacaggaggtgtctggaaacc tggaacttgtgaaggtgaggc Abel et al. (1996)
EF1α AB061263 attggaaacggatatgctcca tccttacctgaacgcctgtca Nicot et al. (2005)
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Chapter 7
General Discussion
Starch, the major storage carbohydrate, provides energy for plants during heterotrophic 
growth, and is essential for plant survival. It is also a versatile biopolymer, serving as staple 
foodstuffs in human diets and as a renewable raw material for a wide range of industrial 
applications (Jobling, 2004). The main reasons for the wide use of starch are the fact that it 
is relatively cheap, abundant and biodegradable. Another important reason related to the 
physico-chemical properties is that it can be (easily) modified to meet specific industry's 
needs. However, derivatized starches produced by chemical, physical and enzymatic 
modifications face a big challenge, as they do not meet environmental impact demands. 
A promising strategy to overcome this challenge entails the production of modified starch 
in planta using genetic modification, which is attracting increasingly attention among 
scientists as a possible "green" alternative to enhance starch functionalities. At its core, this 
strategy requires a thorough understanding of the structure, composition and synthesis 
of starch, and the determinants of starch structural characteristics and properties. In this 
regard, much progress has been made in studying transitory starch due to the wealth of 
genetic and genomic resources in Arabidopsis thaliana, which could provide key leads for 
elucidating starch metabolism in economically important storage organs. 
Potato starch has superior processing amenability and unique properties relative to many 
other  starches; therefore, producing potato starches with improved properties is of great 
industrial interest. Additionally, potato is an outstanding model for studying storage 
starch metabolism due to the large number of genomic and molecular tools available, 
such as a sequenced genome and well established transformation protocols. 
In this thesis, to produce unconventional potato starch with novel properties using genetic 
modification, attempts have been made from two perspectives: one is to modulate the 
phosphate content of starch (Chapters 3, 4 and 5); another is to create novel polymers 
in starch (Chapter 6). To this end, a number of enzymes from various sources have been 
expressed or modulated in potato tubers, followed by the comprehensive and systematic 
characterization of starch structure and properties and a thorough analysis of the 
expression of genes involved in starch biosynthesis. In the following sections, the results 
of the individual experiments, especially the implications of modifications of phosphate 
content on starch properties and starch metabolism, are compared and discussed. At the 
end, future prospects for starch bioengineering and potential strategies are appraised.
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Starch biosynthesis seems to be under strict regulation, thereby limiting 
the effect of genetic modification 
The phosphate content of potato starch is strongly controlled
Production of phosphorylated starch directly in the crop has great advantages both 
economic and for the environment. Many efforts have been made in various crops to alter 
starch phosphate content with focus on modulating the expression of the glucan, water 
dikinase (GWD) gene, which is mainly responsible for phosphorylating starch (Carciofi et 
al., 2011; Frohberg et al., 2013; Lanahan and Basu, 2004; Lorberth et al., 1998; Schewe 
et al., 2002; Schwall et al., 2000). Meanwhile, starch phosphatases have also emerged as 
crucial enzymes in starch metabolism in more recent years (Emanuelle et al., 2016). It was 
demonstrated that starch phosphate content is influenced by both starch phosphorylating 
enzymes and phosphatases, representing the net outcome of the combinatorial activity 
of both types of enzymes. Thus, manipulating starch phosphatases may also have great 
potential to alter the phosphate content of starch. 
To this end, several enzymes related to (de)phosphorylation of starch were expressed or 
modulated in potato tubers, including phosphatase laforin from human (Chapter 4), a 
glucan, water dikinase (GWD1) from potato (Chapter 3) and glucan, water dikinase 2 and 3 
(AtGWD2 and AtGWD3) from Arabidopsis thaliana (Chapter 5). Results generated from all 
these independent experiments strongly suggest that the phosphate content in potato 
starch is under stringent control. 
Firstly, we showed that modified starch from transgenic plants carrying the (engineered) 
laforin expression exhibited a considerably increase in phosphate content, rather than 
the expected decrease (Fig. 5, Chapter 3). A key discovery to underpin this result is the 
observation regarding the elevation in the expression of starch phosphorylating genes. It 
can therefore be postulated that there is a compensatory response to the loss of phosphate 
content via upregulation of genes encoding starch dikinases during starch biosynthesis, 
probably to ensure the maintenance of the appropriate proportion of phosphate esters in 
starch granules (Chapter 3). 
Another interesting finding emerging from these studies is the existence of a threshold 
level of phosphate content in potato starch containing wild-type-like structure and 
composition. Over the last decades, highly phosphorylated starch has been achieved in 
wheat (Schewe et al., 2002), maize (LanahanMichael and Ship, 2005), rice (Frohberg et 
al., 2008) and barley (Carciofi et al., 2011) by only overexpressing GWD1. However, in our 
study, overexpression of GWD1 in potato tuber resulted in only about 20% increase in 
phosphate content in both genetic backgrounds, which is a smaller increase compared to 
the other crops (Fig. 2, Chapter 4). Likewise, a comparable amount of the increase in starch 
7
131General discussion
phosphate was found in modified starch from transgenic plants carrying the (engineered) 
laforin expression (Chapter 3). Additionally, expression of GWD2 and GWD3 in potato 
tubers did not result in a significant increase in starch phosphate content (Chapter 5). Taken 
together, the presence of a threshold level of phosphate content raises an interesting 
question as to whether it is possible to largely increase the phosphate content of potato 
starch, given that potato starch is already naturally highly phosphorylated compared to 
other (cereal) starches. It seems relevant to recognize that there are limiting factors for the 
incorporation of phosphate esters into starch granules rather than the phosphorylating 
enzymes themselves. 
In fact, increasing phosphate content in potato starch has been achieved in earlier studies, 
but only as an indirect effect of engineering of other enzymes in starch biosynthesis, such 
as suppression of starch branching enzymes (Schwall et al., 2000) or starch synthases (Abel 
et al., 1996; Jobling et al., 2002). In our study, we have also observed a higher increase 
in phosphate content of starches containing lower amylose content as compared to 
the control (Chapter 3). The reason for this effect is supposedly that the alteration in 
starch structure and composition resulted in a better substrate (e.g. long amylopectin 
chain, more amylopectin) for GWD1, hence stimulating GWD1 activity and consequently 
adding more phosphate esters in starch granules (Blennow, 2015; Mikkelsen et al., 2004). 
Collectively, starch structure and composition are proposed as possible factors regulating 
the proportional incorporation of phosphate content into starch granules. Furthermore, 
we suggest that engineering potato starch for an even higher phosphate content is only 
possible if more space is available for the deposition of phosphate esters resulting from 
an alteration in the structure or amylose/amylopectin ratio of starch. Further attempts 
should therefore be directed towards increasing amylopectin content with longer 
chains in starch granules, while simultaneously upregulating the expression of starch 
phosphorylating genes. Prospects for such endeavors seem reasonably feasible given 
successful illustrations of simultaneous manipulation of key genes involved in starch 
biosynthesis in potato (Edwards et al., 1999; Jobling et al., 2002).
Self-repair ability for optimizing starch structure 
The structure of starch varies substantially among the botanical sources, which 
has since long been recognized as one of the key features that influences starch 
functional properties (Delgado-Escueta et al., 1999; Edwards et al., 1999; Jobling, 2004). 
Notwithstanding continuous efforts in the past decades, starch structure, as an appealing 
target for engineering starch with novel functionalities, has not been modified effectively 
via modulating endogenous enzymes in planta so far (Ball and Morell, 2003; Blauth et al., 
2002; Jobling, 2004; Safford et al., 1998b; Satoh et al., 2003). This is not surprising since 
starch structure is manufactured in a delicate and complex way through the orchestrated 
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action of many enzymes, including starch synthases, branching and debranching 
enzymes (Chapters 1 and 2). In particular, the latter is the key determinant of the structure 
by liberating misplaced branches to permit the efficient and accurate packing of starch 
granules. 
The presence of this self-repair mechanism is again confirmed in our study through the 
transcript analysis of transgenic tubers carrying the (engineered) 4, 6-α-glucanotransferase 
(GTFB) from Lactobacillus reuteri 121 (Chapter 6). The results demonstrated that the 
effect of the target enzyme, creating new chains with liner α-1, 6-glycosidic linkages, 
was diminished by the action of starch debranching enzymes while cooperating with 
other starch degrading enzymes. Along a similar line of thought, earlier studies have 
attempted to diversify starch structure by incorporating novel types of linkages; however, 
no significant alteration in starch structure was detected (Huang et al., 2013; Kok-Jacon 
et al., 2005a; Kok-Jacon et al., 2007; Kok-Jacon et al., 2005b; Kok-Jacon et al., 2005c). In 
one of these studies, the authors also observed upregulation of genes involved in starch 
degradation, which is in line with our result and hypothesis. Collectively considered, it 
would be very interesting to investigate whether stronger changes in the starch structure 
can be generated in the plants lacking starch debranching enzymes, thereby shedding 
more light on the nature of this self-repair process. Elucidating this mechanism not only 
helps us gain better insights into the factors governing starch structure and metabolism, 
but may also pave a way for tailoring starch with novel structure in planta.
Other stumbling blocks in the way of genetic modification of starch
It is well known that starch is very complex in structure, but relatively simple in chemical 
composition (i.e. only glucose units). This chemical simplicity prevents us from obtaining 
the definitive structural information, hindering the description of the actual structure 
and detection of alteration in starch structure (Pfister and Zeeman, 2016). Additionally, 
the current analytical methods for characterizing structural features (e.g. chain length 
distribution and the frequency of branching) give average measurements, concealing 
the heterogeneity of starch structure. On one hand, this limitation makes it difficult to 
examine the substrate preferences of enzymes or mutant phenotypes in relation to 
structure alteration, thereby impeding the interpretation of the function of specific 
enzymes. On the other hand, this limitation generates obstacles for detecting the novel 
structure introduced during starch biosynthesis. For instance, if a low amount of linear 
α-1, 6-glycosidic linkages is present in starch structure (Chapter 6), we may not be able to 
detect them.
On the other hand, another stumbling block is the existence of complex interplay between 
biosynthetic enzymes, as the alteration in the activity of one enzyme can lead to changes 
in the substrate of other enzymes, and vice versa. These pleiotropic effects make it difficult 
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to investigate, for instance, the individual effect of each gene on structural changes, 
or, the effect of different starch components or structural features on starch functional 
properties. For this reason, to date the relationship between starch characteristics and 
physico-chemical properties remains unclear, which slows down the development of 
tailored starches.
Self-repair mechanisms of starch biosynthesis make sense
As described above, the phosphate content and starch structure of potato starch are 
clearly subject to complex control,  however, the underlying reasons for these phenomena 
are unclear. Here, the crucial role of phosphate esters in starch structure during starch 
biosynthesis are presented and discussed, aiming at understanding the biological 
meaning of these self-repair mechanisms, including compensatory mechanism for 
regulating starch phosphate content and self-repair ability for optimizing starch structure.
Regularity of chain structure and appropriate amounts of phosphate esters are 
prerequisites for the normal assembly of a starch granule
Granules present a high-ordered and stable form of storing starch in plants, presumably 
awarding an evolutionary and physiological advantage over the accumulation of soluble 
carbohydrates (Streb and Zeeman, 2012). The assembly of the starch granule is an intricate 
process involving many developmental steps (Chapter 1). One of the key steps is building 
up a framework of the crystalline lamellae resulting from a high-density packing of double 
helices formed by the neighboring chains of amylopectin. Logically, it is easy to envisage 
that any changes in the types of linkages and branching structure of amylopectin can 
result in a deleterious change in the packing of double helices and hence the crystalline 
structure of starch granules. In potato, this disturbance in starch structure could affect the 
starch formation thus the growth processes upon sprouting, as starch serves as the long-
term energy source. Therefore, the delicate regulations of starch biosynthesis are required 
for impeccable assembly of granules and subsequently for plant survival and growth. 
For instance, the removal of “error” chains is governed by such self-repair mechanism, 
thus ensuring the regularity of chain structure and consequently the normal assembly of 
starch granules (Chapter 6).
In addition, the molecular force field model (Blennow, 2015; Blennow et al., 2002) showed 
that the incorporation of phosphate esters at the C-3 position of the glucose unit in starch 
affects the stability of double helices, whereas phosphate esters at the C-6 position can 
induce hydration between the helical arrays to distort helix-helix interactions. To this 
extent, we propose that the constraint on the maximal level of phosphate content is 
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necessary and this compositional threshold should not be surpassed, since the amount 
of phosphate esters is essential to form a correct granule structure (Chapter 3, 4 and 5). 
On the other hand, we showed that starch granules containing extremely low phosphate 
content exhibited severe fissures; however, these fissures were diminished with increasing 
phosphate content and ultimately eliminated in starch granules with phosphate content 
higher than ~15 nmol/mg starch. Interestingly, this defective morphology was not 
observed in the amylose-free starch granules (Chapter 4). These findings, together with 
the fact that phosphate esters are mainly bound to amylopectin chains, allow us to 
conclude that phosphate esters serve as identifiers of amylose and amylopectin chains 
thus preventing the interaction between these two types of chains and permitting the 
normal assembly of granules [Chapter 4, (Blennow et al., 2002)]. Therefore, a minimal 
amount of phosphate content is required for the normal assembly of starch granules 
if amylose molecules are present. This is possibly one of the reasons why potato plants 
endeavor to compensate the loss of phosphate content in starch granules (Chapter 3).
Starch phosphorylation, an indispensable piece for starch metabolism
Starch phosphorylation confers starch granules with the capability for physical 
amorphisation, solubilisation and ultimate amylolytic degradation, regulating 
mobilization of energy reserves on metabolic demands (Blennow, 2015). Suppression 
of starch phosphorylation by knock-down or knock-out of GWDs leads to starch excess 
phenotypes in leaves and cold-sweetening inhibition in potato tubers, indicating the 
essential role of starch phosphorylation in starch-degrading machinery (Blennow et al., 
2003; Kozlov et al., 2007; Lorberth et al., 1998; Mahlow et al., 2014; Yu et al., 2001b). In 
our study, the association between starch phosphorylation and starch degradation was 
reflected in the simultaneous change in transcript level of GWDs and that of other degrading 
genes (Chapters 3, 4 and 6), which re-enforces the effect of starch phosphorylation on 
starch degradation. The suggested mechanistic explanation of this phenomenon is that 
phosphate esters disrupt the crystalline structure of amylopectin and by that facilitate the 
access of degrading enzymes (Blennow, 2015; Zeeman et al., 2010).
In contrast, the effect of starch phosphorylation on the process of starch synthesis is elusive. 
Nonetheless, the ubiquity of phosphate esters in various starches strongly indicates a 
requirement for a pre-phosphorylation during the synthesis of starch. As explained in 
the previous section, phosphate esters have the capability to modulate the crystallinity 
of starch, which is indispensable for the efficient packing of well-structured granules. 
Understandably, the corporation of phosphate esters during starch synthesis results in 
a build-in starch degradability, which can prepare starch granules for dissolution before 
starch degradation starts, thus executing an energy-efficient degradation. Surprisingly, 
suppression of GWD1 resulted in unaltered starch content in various organs, including 
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Arabidopsis thaliana (Skeffington et al., 2014), wheat endosperm (Ral et al., 2012) and 
potato tuber (Chapter 4), indicating that starch phosphorylation may affect not only starch 
degradation but also starch synthesis. Studies on GWD-deficient arabidopsis mutants 
demonstrated the existence of an inhibition of starch synthesis in leaves (Skeffington et 
al., 2014). This is in line with the results of gene expression analysis in potato tubers lacking 
GWD1, which indicates that starch phosphorylation affects starch synthesis by controlling 
the carbon flux into starch while simultaneously modulating starch-synthesizing genes 
(Chapter 4). Further studies on protein and metabolic level are needed to confirm this 
finding.
In summary, phosphate esters and chain structure to a large extent delineate the 
architectural characteristics of starch granules and fundamentally influences plant 
primary metabolism. Certainly, the exquisite regulations of these features are crucial 
in preventing extreme disruption in the inherent compositional balance of starch and 
permitting plant normal growth; however, such mechanisms increase the difficulties to 
modify starch structure and composition and optimize the functionality of it in planta. 
Hence, future strategies should take into account how to suppress such self-repair 
mechanisms to circumvent the natural limitations of starch granules. Or, conversely, we 
may take advantage of this frailty to achieve an efficient and effective modification by 
harnessing such mechanisms and applying the principle into genetic modification; for 
instance, generating potato starch with high phosphate content by making use of the 
compensatory responses in planta. 
Starch morphology, a changeable characteristic
Starch morphology is organ and species specific and is therefore presumably genetically 
controlled (Streb and Zeeman, 2012). In spite of the great progress in identifying enzymes 
that are relevant to starch biosynthesis, very little is known regarding the key factors 
controlling granule morphology and regulating granule formation. In this thesis, similar 
to previous studies (Huang et al., 2013; Huang et al., 2014; Kok-Jacon et al., 2005a; Kok-
Jacon et al., 2007; Kok-Jacon et al., 2005c; Xu et al., 2014), expression of heterologous 
genes in the potato tubers resulted in severe alterations in starch granule morphology 
(Chapters 3, 5 and 6). We have demonstrated that starch chemical composition, including 
proteins, amylose molecules and phosphate esters, plays important roles in starch granule 
morphology.
Generally, we found that modified starches showed irregular shapes relative to the 
controls, regardless of the genetic background and gene expressed. These alterations can 
be the consequence of depositing newly introduced proteins in the starch granules or/and 
changing the activity of endogenous enzymes involved in the starch biosynthesis. Huang 
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et al. (2013) suggested that introduced protein might influence the stability of the helices 
or the side-by-side packing of helices and thereby interrupting the optimal crystallization 
of starch granules. This may also partly explain the observations in our studies. However, 
in contrast to their findings, we observed considerable changes in the expression of a 
number of genes involved in the starch biosynthesis in different transgenic series, such as 
in the transgenic plants carrying the (engineered) laforin/GTFB (Chapters 3 and 6). These 
results indicated that the alteration in starch granule morphology may also be caused by 
the interference with the expression of endogenous genes, especially in the transgenic 
lines carrying introduced proteins that are not able to bind to starch granules. 
On the other hand, comparison of modified starches from two genetic backgrounds 
(amylose-containing and amylose-free background) elucidated that amylose plays an 
important role in the granule morphology. To illustrate, we observed cratered surfaces 
in the starch granules from transgenic lines carrying starch-binding GTFB regardless of 
genetic background (Fig. 3, Chapter 6), which was most likely created by the temporary 
deposition of the protein on the granule surface. Interestingly, the craters were shallower 
on the surface of granules from amylose-containing background relative to those from 
amylose-free background. In the amylose containing background it seemed as if the 
craters were partially filled by amylose molecules. Moreover, the importance of amylose 
in determining granule morphology again became visible in the morphological alteration 
of starch granules from transgenic tubers with suppressed GWD1. Severe fissures were 
observed in the modified starch granules from amylose-containing background, but not 
in the ones from amylose-free background (Fig. 4, Chapter 4). Future research using a high-
amylose containing background is needed to further investigate the effect of amylose on 
starch granule morphology.
In our study, phosphate esters displayed drastic effects on the morphology of starch 
granules (Fig. 4, Chapter 4). Regardless of genetic background, starch granules containing 
extremely low phosphate content showed a much more spherical shape and more 
concentric rings compared with their respective controls, whereas starch granules 
containing high phosphate content displayed irregular bumpy shape. The molecular 
model of phosphorylated starch proposed by Blennow et al. (2002) demonstrated that 
C-3-bound phosphate esters protrude from the double-helical surface, which may have 
great impact on the crystalline packing of starch granules. In this regard, the removal of 
phosphate esters may lead to even more compact assembly of granules, resulting in a more 
regular ring patterns and granule shape. Additionally, as described before, phosphate 
esters are also responsible for the ‘cracked’ morphology in starch granules, since they act 
as identifiers of amylopectin and amylose to prevent the erroneous interactions between 
these two segments hence allowing the normal assembly of starch granules.
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Overall, granule morphology is a good indicator of abnormal functioning of starch 
biosynthesis. Although changes in many characteristics can be repaired or compensated 
for, errors made in earlier stages will be forever recorded in starch granules and reflected 
on granule morphology since growth of the granule is a continuous process. Moreover, 
our data illuminated that starch granule morphology is determined at least by the 
deposition of protein, the presence of amylose and the level of phosphate esters. It 
presents as the overall outcome of the combined effect of all these parameters. Certainly, 
the complexity of this process introduces great difficulties in exploiting the key players 
and the underlying mechanism. Considerably more work will be needed to dissect the 
effect of each starch component on the alteration of granule morphology and ultimately 
to unveil the mechanism of controlling starch granule morphology.
Starch modification requires a thorough understanding of the effects 
of each starch feature on each specific property
The diversity in the functional properties of various starches is largely attributed to the 
substantial differences in their characteristics such as starch composition, structure, 
granule morphology and size, etc. A thorough investigation on the properties of modified 
starches from the same species (even same genetic background) can better explore the 
effect of each characteristic by eliminating the extra variations introduced by different 
species. To this end, in this study, the properties of all modified starches have been 
tested with the focus on gelatinization characteristics, gel freeze-thaw stability and starch 
digestibility (Chapters 3, 4, 5 and 6). 
Gelatinization characteristics influence starch processing and hence determine the 
suitability of starch for particular industrial applications. Amylose/amylopectin ratio and 
level of phosphate esters are known to strongly affect the gelatinization process (Kozlov 
et al., 2007). To investigate the impact of these two components on starch properties, 
two series of modified starches generated in this study were particular interesting. One 
series is composed of starches containing different levels of amylose (Chapter 3), while 
another series is made up of starches with a wide range of phosphate content (Chapter 4). 
In line with previous research (Kozlov et al., 2007), gelatinization temperatures increased 
in modified starches containing low amylose content; however, the gelatinization 
enthalpy did not show the expected increase. We reason that the effect of the decreased 
amylose content on gelatinization enthalpy might be counteracted by the opposite effect 
brought by the increased phosphate content in these starches (Chapter 3). On the other 
hand, a significant decrease was observed in gelatinization enthalpy of modified starches 
containing normal amylose content and low phosphate content. This is certainly an effect 
of the suboptimal crystalline structure resulting from the loss of phosphate content or/
and alterations in starch fine structure (Chapter 4). 
138
7
Chapter 7
A better understanding of the digestibility of starch is important given the increasing 
interest on diet-related health complications, particularly obesity. In this study, the crucial 
role of surface characteristics in digesting starch was found, as the granules with bumpy 
surface can provide bigger surface area for being easily attacked by amylase (Chapter 
6). However, like other properties, more starch characteristics are involved in controlling 
starch digestibility, such as phosphate content (Absar et al., 2009) and starch structure 
(Syahariza et al., 2013). Surprisingly, no significant change in the starch digestibility 
among starches containing different levels of phosphate content was observed (Chapter 
4), indicating that the effect may be offset by the effect of other starch features, including 
granule surface characteristics, fine structure of amylopectin and amylose contents. In 
contrast, in spite of the changes in the other starch characteristics, phosphate content 
exhibited a strong dominant role in the freeze-thaw stability of starch gels (Chapter 4).
In conclusion, optimization of starch functional properties requires a clear understanding 
of the role of each starch characteristic (whether collectively or independently) on starch 
properties and changes in starch characteristics correspond to the observed functional 
properties. However, the one-to-one correlation between each starch characteristic 
and property established from each independent study does not represent a general 
correlation, since each starch property is an outcome of the combined effect of many 
characteristics and highly depends on the genetic background. Therefore, the interaction 
effect between multiple factors should be taken into account when designing starches 
with desired properties.
Future perspective - “green” and socially-acceptable approach is 
required for starch bioengineering
Starch as a multifunctional raw material has tremendous potential for the realization of 
a robust bio-based circular economy to overcome the challenge facing rapid climate 
change and population growth. In the past decades, advances in the genetic modification 
of starch have lightened up the path to produce starches with enhanced functionalities in 
an environmental friendly and economic manner. Nonetheless, controversies and public 
concern surrounding genetically modified crops give rise to strict regulatory frameworks 
governing the cultivation, trade and use of transgenic crops, which greatly hampers the 
development and commercialization of novel starches from transgenic crops. With the 
rapid development of biotechnology, it is envisioned that socially-acceptable tools for 
starch bioengineering will emerge in the near future to accelerate the commercialization 
process of novel starches. 
Finally, continuous endeavors need to be made for identifying key genes controlling 
starch characteristics and exploiting the underlying mechanisms. In this respect, studies 
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in the model plant Arabidopsis thaliana have greatly enhanced our understanding; 
however, the knowledge gained from those studies cannot be fully applied to crop 
plants for modifying storage starch [(Zeeman et al., 2010), this thesis]. Therefore, a 
better understanding of starch biosynthesis and key players in crop plants is necessary. 
To achieve this, identification of genetic marker associated with starch characteristics in 
crops (Werij et al., 2012) and new mutations in TILLING populations (Slade et al., 2012) 
provide tremendous potential gains. All in all, “green” and socially-acceptable approaches 
are required for starch bioengineering.
Final remarks
Potato starch, a tremendous valuable raw material, can be modified with enhanced 
functionalities in planta using green technology - genetic modification. However, 
the biosynthesis of potato starch is governed by complex and exquisite molecular 
regulations, which diminishes the effect of transgenes on the starch phosphate content 
and structure. Researchers should take into account these mechanisms in the future when 
attempting to efficiently tailor potato starch directly in plants. Additionally, this study also 
indicated that the insights obtained in the studies of Arabidopsis thaliana do not one on 
one apply to storage starches. A better understanding of the process of starch synthesis 
and degradation in storage organs would be a great step forward towards modifying 
starch in economically important crops as potato. In this respect, the investigation of the 
relationship between starch structural characteristics and starch properties is vital, as the 
knowledge can help to predict the functionality of modified starch with specific structural 
features. I firmly believe that producing novel starches with enhanced properties in an 
environmental-friendly, (cost-) efficient and predictive manner is imminent, along with 
the increasing availability of biotechnological tools and resources for crop plants. These 
versatile raw biomaterials will play an important role in realizing a robust bio-based 
circular economy, imparting significant effects on the quality of our life and helping us 
overcome the challenges related to a growing population and climate change.
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Summary
Storage starch is an energy reservoir for plants and the major source of calories in 
the human diet. Starch is used in a broad range of industrial applications, as a cheap, 
abundant, renewable and biodegradable biopolymer. However, starch needs to be 
modified before it can fulfill the required properties for specific industrial applications. 
Genetic modification of starch, as a green technology with environmental and economic 
advantages, has attracted increasingly attention. Many achievements obtained from 
earlier studies have demonstrated the feasibility and potential of using this approach to 
produce starches with novel properties (Chapter 2).
The main objective of this research was to produce novel starches with enhanced 
functionalities through genetic modification, while gaining a better understanding of 
storage starch biosynthesis. A focus on potato was warranted as it represents a superior 
model system for storage starch biosynthesis studies and for the production of starches 
with novel properties. To this end, a number of enzymes from various sources have been 
expressed in potato tubers to modify starch phosphate content and polysaccharide 
structure, since these two characteristics have long been recognized as key features in 
starch properties.
To modify starch phosphate content and explore starch (de)phosphorylation, a human 
phosphatase enzyme named laforin, and modifications of it, were introduced into potato 
(Chapter 3). Interestingly, modified starches exhibited a significantly higher phosphate 
content rather than the expected lower phosphate content. Transcriptome analysis 
showed that the increase in phosphate content was a result of upregulation of starch 
phosphorylating genes, which revealed a compensatory response to the loss of phosphate 
content in potato starch. Furthermore, the increase of phosphate content in potato starch 
was reached to a threshold level. This was in line with the observations in the modified 
starches from overexpressed- Glucan water dikinase (GWD1) transgenic plants (Chapter 
4). Furthermore, overexpression of two starch dikinases from Arabidopsis thaliana, glucan 
water dikinase 2 and 3 (AtGWD2 and AtGWD3), did not result in a significant increase in 
phosphate content of potato starch (Chapter 5). Taken together, these results indicated 
that phosphate content of potato starch is under strict control. 
Morphological analysis of starch granules containing different levels of phosphate content 
confirmed the indispensible role of phosphate content in the normal formation of starch 
granules, since cracked granules were observed in the starches containing low phosphate 
content, while irregular bumpy shaped granules were observed in the tubers from plants 
containing high phosphate content. Interestingly, further analyses on the expression 
level of genes involved in starch metabolism and sugar-starch conversion suggested that 
starch phosphorylation might affect starch synthesis by controlling the carbon flux into 
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starch while simultaneously modulating starch-synthesizing genes. Further studies are 
needed to confirm this finding (Chapter 4).
To produce starches with novel structures, an (engineered) 4, 6-α-glucanotransferase 
(GTFB) from Lactobacillus reuteri 121 was introduced into potato tubers (Chapter 6). The 
resulting starches showed severe changes in granule morphology, but not in starch fine 
structure. Transcriptome analysis revealed the existence of a self-repair mechanism to 
restore the regular packing of double helices in starch granules, which possibly resulted 
in the removal of novel glucose chains potentially introduced by the (engineered) GTFB.
This research successfully generated starches with various functionalities, including 
altered gelatinization characteristics (Chapter 3 and 4), improved freeze-thaw stability 
(Chapter 4) and higher digestibility (Chapter 6). The exploitation of relationships between 
starch characteristics and starch properties revealed that starch properties represent the 
outcome of the combined effect of many factors and are highly dependent on the genetic 
background in which the modification has been performed.
In conclusion, the research described in this thesis demonstrates the great potential 
of genetic modification in producing starches with novel properties. Meanwhile, these 
results revealed the presence of complex and exquisite molecular regulation mechanisms 
for starch biosynthesis in potato. In future research, these regulations need to be taken 
into account for the relational design of starch in planta. Certainly, a better understanding 
of the process of starch metabolism in storage organs would be a great step forward 
towards tailoring starch in an economically important crop such as potato.
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